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ABSTRACT 
 
Cephalosporins and fluoroquinolones are critical antibiotics for the treatment of human 
infections caused by Enterobacteriaceae isolates, although the expansion of acquired β-lactamases 
and plasmid-mediated fluoroquinolone resistance mechanisms have seriously compromised their 
success. 
In Portugal, Enterobacteriaceae producing extended-spectrum β-lactamases (ESBLs) are 
endemic in different niches, while carbapenemases arise recently in the clinical settings. Regarding 
the production of acquired AmpC β-lactamases (qAmpCs), trends have been scarcely investigated. 
Although the contribution of world globalization in the dispersion of antibiotic resistant (AbR) 
bacteria is well recognized, data on acquired mechanisms conferring resistance to cephalosporins in 
Enterobacteriaceae from underdeveloped countries, particularly from African country are scarce. 
Indeed, molecular epidemiological data of bacteria producing acquired β-lactamases from Angola, a 
country with an emerging economy and close commercial or travel relationships with Portugal, have 
not yet been reported.  
The qnrB genes, encoding proteins responsible for decreased susceptibility to 
fluoroquinolones, constitute the most prevalent and diverse qnr family, with plasmid located qnrB 
genes thought to be originated from Citrobacter sp. Indeed, qnrB genes are known to be intrinsic of 
Citrobacter spp., contributing for a natural phenotype of reduced susceptibility to fluoroquinolones. 
Nevertheless, the absence of correlation of these genes with particular Citrobacter species within this 
genus, together with the lack of detailed characterization of their genetic platforms, hindered a clear 
establishment of their origin.  
The main goals of this work were to extend the knowledge on dispersion drivers (species, 
clones and plasmids) of genes encoding acquired resistance to cephalosporins in Enterobacteriaceae 
from different ecological niches in two countries with close commercial and travel relationships 
(Portugal and Angola), and to elucidate qnrB origins throughout a phylogenetic analysis of 
housekeeping (e.g. leuS and recN) and intrinsic genes (qnrB) responsible for decreased susceptibility 
to fluoroquinolones in Citrobacter spp. 
A total of 2107 Enterobacteriaceae isolates non-susceptible to extended-spectrum 
cephalosporins obtained from different Portuguese clinical institutions, 581 samples recovered from 
several non-clinical sources (healthy humans, animals and environment) of Portugal and Angola 
(n=518 and n=63, respectively), Citrobacter spp. isolates and genomes from diverse origins (n=21 
and n=40, respectively) and Enterobacteriaceae plasmid sequences (n=16) were analyzed. Bacterial 
identification was performed by conventional methods and/or genotypic markers. Antibiotic 
susceptibility testing and conjugation assays were performed by standard methods. Genes encoding 
qAmpCs, ESBLs, carbapenemases or decreased susceptibility to fluoroquinolones, as well as their 
corresponding genetic environments were characterized by polymerase chain reaction (PCR) and 
sequencing. Affiliation of qnrB was performed by phylogenetic analysis, clonal relatedness was 
established by XbaI-pulsed-field gel electrophoresis (PFGE) and/or mulilocus sequencing typing 
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(MLST) and Escherichia coli phylogenetic groups were determined by PCR. The location of genes 
was assessed by hybridization of XbaI- or S1-/I-CeuI-digested genomic DNA, and plasmid 
characterization included identification of incompatibility groups (Inc) by PCR, sequencing, 
hybridization and plasmid MLST. 
A low (5%, 99/2107) and stable occurrence of qAmpCs in different Portuguese clinical 
institutions was observed throughout time, corresponding to DHA-1 (82%), CMY-2 (17%) or DHA-6 
(1%). DHA-1 persisted throughout time (2006-2013) in different institutions, species and clones 
(predominance of Klebsiella pneumoniae ST11 and ST1380), and particular plasmids (IncR or 
IncHI2), while the increase of CMY-2 in the last years (2009-2013) was linked to multiple 
Escherichia coli clones and to IncI1 plasmids. On the other hand, CMY-2 was the only qAmpC-type 
detected in E. coli from healthy humans (n=3) and uncooked chicken carcass (n=1) from Portugal. It 
was observed an increase in the proportion of healthy humans colonized with qAmpC-producing 
Enterobacteriaceae from 2001-2004 (0%) to 2013-2014 (2.1%) linked to plasmid dissemination, 
although an indistinguishable PFGE pattern was found from two-family related individuals. 
Regarding Angola, qAmpC or carbapenemases were not detected among recent Enterobacteriaceae 
isolates (2013) collected from different non-clinical niches. However, ESBL genes, mostly blaCTX-M-
15, were identified in different species (mainly E. coli) and almost all samples. Despite the high clonal 
diversity observed among E. coli isolates (n=34/23 PFGE-types) and the absence of the pandemic 
B2-ST131 clone, some widespread clonal complexes (CCs) from A (CC10 and CC168), B1 (CC156) or 
D (CC38) phylogroups were detected. blaCTX-M-15 was variably identified on typeable (29%; IncFII, 
IncFIIK6, IncHI2 and IncY) or non-typeable (16%) plasmids or on the chromosome (14%), while for 
41% of the isolates its specific location was not determined. Finally, identification of Citrobacter 
species by different genotypic markers revealed that recN gene presented the most discriminatory 
power, allowing the identification of putative novel species, including the identification of 
Citrobacter europaea novel species. Phylogenetic analysis of all qnrB genes revealed seven main 
clusters and two branches. Specific genetic platforms were associated with each one of these qnrB 
clusters which evolved in different Citrobacter species. Furthermore, a high identity was observed 
between some of the platforms identified in the chromosome of Citrobacter spp. and in different 
plasmids of Enterobacteriaceae. 
The overall results of this Thesis indicate that qAmpCs are disseminated in clinical and non-
clinical settings in Portugal linked to the amplification of specific qAmpC-types with different genetic 
backgrounds in particular Enterobacteriaceae species. Furthermore, CTX-M-15-producing 
Enterobacteriaceae are widespread in diverse non-clinical niches in Angola, an atypical 
epidemiology highlighting the need for antimicrobial resistance surveillances in different regions of 
Africa. Moreover, and beyond the contribution to accurately discriminate Citrobacter species, the 
present work also suggests divergent evolution of closely related qnrB genes/platforms in particular 
Citrobacter spp, with plasmidic qnrB originated from particular species. 
 
Keywords: qnrB, acquired β-lactamases, phylogenetic analysis, Citrobacter, Africa   
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RESUMO 
 
As cefalosporinas e as fluoroquinolonas são antibióticos críticos para o tratamento das infeções 
humanas por isolados de Enterobacteriaceae, embora a expansão de β-lactamases adquiridas e de 
mecanismos de resistência às fluoroquinolonas tenha gravemente comprometido o seu sucesso. 
Em Portugal, isolados de Enterobacteriaceae produtores β-lactamases de espetro alargado (ESBLs) 
são endémicos em diferentes nichos, enquanto as carbapenemases surgiram mais recentemente em nichos 
clínicos. Relativamente à evolução da taxa de Enterobacteriaceae produtoras de β-lactamases adquiridas 
do tipo AmpC (qAmpC) esta tem sido ainda fracamente explorada. Embora a contribuição da globalização 
mundial na dispersão de bactérias resistentes aos antibióticos seja reconhecida, dados sobre mecanismos 
adquirida de resistência a cefalosporinas em Enterobacteriaceae de países em desenvolvimento, 
particularmente de países Africanos são escassos. De facto, dados de epidemiologia molecular de bactérias 
produtoras de β-lactamases adquiridas de Angola, um país com uma economia emergente e com estreitas 
relações comerciais e circulação de pessoas com Portugal, ainda não foram relatados.  
Os genes qnrB, a mais prevalente e diversa família de qnr, codificam proteínas responsáveis pela 
susceptibilidade reduzida a fluoroquinolonas, sendo atribuído ao Citrobacter sp. a origem dos qnrB de 
localização plasmídica. De facto, os genes qnrB são conhecidos por serem intrínsecos em Citrobacter spp., 
contribuindo para um fenótipo natural de suscetibilidade reduzida a fluoroquinolonas. No entanto, a 
ausência de correlação destes genes com determinadas espécies de Citrobacter, em conjunto com a falta 
de caraterização detalhada das suas plataformas genéticas, impede um estabelecimento claro da sua 
origem. 
Os principais objetivos deste trabalho são o aumento do conhecimento sobre os veículos de 
dispersão (espécies, clones e plasmídeos) de genes adquiridos que conferem resistência a antibióticos β-
lactâmicos em Enterobacteriaceae de diferentes nichos ecológicos de dois países com estreitas relações 
comerciais e circulação de pessoas (Portugal e Angola) e descrever as trajectórias evolutivas de genes 
intrínsecos (qnrB) responsáveis pela diminuição da suscetibilidade às fluoroquinolonas em Citrobacter.  
Dois mil cento e sete isolados de Enterobacteriaceae não suscetíveis às cefalosporinas de espectro 
alargado obtidos de diferentes instituições clínicas portuguesas, 581 amostras provenientes de diversas 
origens não-clínicas (humanos saudáveis, animais e meio ambiente) de Portugal e Angola (n=518 e n=63, 
respetivamente), isolados e genomas de Citrobacter spp. (n=21 e n=40, respetivamente) e sequências 
plasmídicas de Enterobacteriaceae (n=16) foram analisados. A identificação dos isolados foi realizada por 
métodos clássicos e/ou por marcadores genotípicos. Os estudos de suscetibilidade a antibióticos e os 
ensaios de conjugação foram realizados por métodos clássicos. Os genes que codificam para qAmpCs, 
ESBLs ou diminuição da suscetibilidade às fluoroquinolonas e o seu ambiente genético foram amplificados 
por PCR e sequenciação. A afiliação do gene qrnB foi realizada por análise filogenética, a relação clonal 
entre isolados foi estabelecida por XbaI-eletroforese em campo pulsado (PFGE) e/ou tipagem por 
sequenciação de múltiplos loci (MLST) e os grupos filogenéticos de isolados de Escherichia coli foram 
determinados por PCR. A localização dos genes e a análise de plasmídeos incluiu XbaI-PFGE ou S1-/I-
CeuI-PFGE com posterior hibridação com sondas, identificação de grupos de incompatibilidade (Inc) por 
PCR, sequenciação e pMLST. 
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 A ocorrência de qAmpCs em instituições clínicas Portuguesas foi baixa (5%, 99/2107) e estável ao 
longo do tempo, correspondentes à identificação de qAmpCs do tipo DHA-1 (82%), CMY-2 (17%) ou DHA-
6 (1%). DHA-1 persistiu ao longo do tempo (2006-2013) em diferentes instituições, espécies e clones 
(predominância dos clones Klebsiella pneumoniae ST11 e ST1380) e plasmídeos particulares (IncR ou 
IncHI2), enquanto o aumento de CMY-2 nos últimos anos (2009-2013) foi associado a vários clones de E. 
coli e plasmídeos do tipo IncI1. Em contrapartida, apenas a qAmpC do tipo CMY-2 foi detetada em isolados 
de E. coli provenientes de humanos saudáveis (n=3) e de carne de frango crua (n=1) de Portugal. Neste 
estudo, a proporção de humanos saudáveis colonizados com Enterobacteriaceae produtoras de qAmpCs 
aumentou significativamente entre 2001-2004 (0%) e 2013-2014 (2.1%), associado com a disseminação 
de plasmídeos, embora tenham sido detectados 2 perfis de PFGE iguais entre dois familiares. Em Angola, 
não foram detectadas a presença de qAmpCs ou carbapenemases em isolados de Enterobacteriaceae 
obtidos recentemente (2013) de nichos não clínicos. Contudo, genes que codificam para ESBLs, 
predominantemente blaCTX-M-15, foram identificados em isolados de diferentes espécies (maioritariamente 
E. coli) obtidos de quase todas as amostras. Apesar de ter sido observada uma elevada diversidade clonal 
entre os isolados de E. coli (n=34/23 pulsotipos) e do clone pandémico B2-ST131 não ter sido identificado, 
alguns complexos clonais (CCs), do grupo filogenético A (CC10 e CC168), B1 (CC156) ou D (CC38) foram 
detetados. blaCTX-M-15 foi variavelmente identificada em plasmídeos tipáveis (29%; IncFII, IncFIIK6, 
IncHI2 and IncY) ou não-tipáveis (16%) ou no cromossoma (14%), enquanto em  41% dos isolados a sua 
localização específica não foi determinada. Por fim, a análise filogenética de diferentes marcadores 
genotípicos para identificação das diferentes espécies de Citrobacter, revelou que o gene recN apresenta 
o maior poder discriminatório, permitindo a identificação de supostas novas espécies, incluindo a 
identificação da nova espécie Citrobacter europaeus. A análise filogenética de todos os genes qnrB revelou 
sete principais grupos e dois ramos. Plataformas genéticas específicas foram associadas a cada um dos 
grupos de qnrB que evoluíram em diferentes espécies de Citrobacter. Para além disso, uma elevada 
identidade foi observada entre algumas plataformas identificadas no cromossoma de Citrobacter spp. e 
em diferentes plasmídeos de Enterobacteriaceae.  
Como conclusões gerais deste trabalho salientamos a disseminação de qAmpCs em nichos clínicos 
ou não-clínicos em Portugal, associados à amplificação de tipos específicos de qAmpCs veiculados por 
diferentes clones e plasmídeos em determinadas espécies de Enterobacteriaceae. Adicionalmente, 
isolados de Enterobacteriaceae produtores de CTX-M-15 estão disseminados em diversos nichos não 
clínicos em Angola, destacando-se diferenças em relação ao tipo de ESBLs, ocorrência e origens genéticas 
responsáveis pela sua disseminação em países desenvolvidos. Este trabalho também sugere o 
envolvimento de determinadas espécies de Citrobacter em evoluções divergentes de genes qnrB 
próximos/plataformas e na origem de qnrB localizados em plasmídeos. 
 
Palavras-chave: qnrB, β-lactamases adquiridas, análises filogenéticas, Citrobacter, África. 
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“A ciência realmente só tem alcançado tornar mais intensa e forte uma certeza: a velha 
certeza socrática da nossa irreparável ignorância. De cada vez sabemos mais…que não 
sabemos nada.”  
Eça de Queirós
Chapter 1 
Introduction	
           
		
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Chapter 1 – Introduction 
 
	 3	
1.1. REVIEW ARTICLE 
The global epidemiology of acquired AmpC β-lactamases in 
clinical Enterobacteriaceae 
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The global epidemiology of acquired AmpC β-lactamases among clinical 
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Running title: Global epidemiology of qAmpCs in clinical Enterobacteriaceae. 
 
 
Abstract 
Acquired AmpC β-lactamases (qAmpCs) inactivate important b-lactams antibiotics, 
constituting a serious public health threat. There are a growing number of reviews of 
qAmpC-producing Enterobacteriaceae found either in bacteria from human or non-human 
sources. However, an update and comprehensive review of the literature on qAmpCs in 
Enterobacteriaceae recovered from different clinical settings across continents is not 
available. This mechanism of resistance to extended-spectrum β-lactams has been found 
around the world and appears to be increasing in occurrence. CMY-2 is the most globally 
widespread and dominant qAmpC, reported mostly in E. coli and Salmonella spp. recovered 
from different clinical settings worldwide, whereas DHA-1 has been confined mostly to 
nosocomial K. pneumoniae of particular countries. Clonal expansion and/or mobile genetic 
elements (mainly plasmids) have been the main reasons for the 
widespread Enterobacteriaceae producing qAmpCs. Furthermore, irrespective of the 
particular qAmpC, most isolates are multidrug-resistant. This article reviews the 
occurrence, distribution and diversity of qAmpCs in clinical Enterobacteriaceae isolates 
and highlights the role of particular clones and plasmids in the dissemination of qAmpCs 
worldwide. 
 
 
Keywords: plasmid, clone, Ambler class C β-lactamase, DHA-1, CMY-2 
Chapter 1 – Introduction 
 
	 5	
Introduction 
The emergence and expansion of Enterobacteriaceae producing extended-spectrum 
β-lactamases (ESBLs), acquired AmpC β-lactamases (qAmpCs) and/or carbapenemases in 
different settings represent are major concerns in many countries (1–7), as these acquired 
β-lactamases inactivate several β-lactam antibiotics relevant in the treatment of human 
infections. This problem has been lead to serious implications for both public health and 
infection control practices (8).  
The molecular epidemiology of ESBL- or carbapenemase-producing 
Enterobacteriaceae has been worldwide described in detail (1,9–14), but there is no recent 
data summarizing epidemiological features of Enterobacteriaceae producing qAmpCs 
across continents in different clinical settings (hospital, community). 
In this review, we sought to (i) describe the occurrence, distribution and diversity of 
qAmpCs in clinical Enterobacteriaceae isolates recovered worldwide, (ii) highlight the 
contribution of the clonal expansion of certain high-risk clones to the global epidemiology, 
and (iii) describe the role of epidemic plasmids, other mobile genetic elements (MGEs) and 
integrons in the current qAmpC spread. All surveys performed worldwide and covering 
isolates recovered after 2000s were included, whereas studies reporting only AmpC 
phenotype without genotype confirmation and characterization were excluded.  
  
Origin, classification and resistance phenotypes of AmpCs 
Genes encoding AmpC β-lactamases were originally described at the chromosome of 
diverse Enterobacteriaceae species (e.g. Escherichia coli, Shigella spp., Citrobacter spp., 
Serratia spp., Hafnia alvei, Morganella spp., Enterobacter spp.), Acinetobacter spp., 
Pseudomonas spp., and amongst other genus (Figure 1) (15,16). Six to fourteen years later, 
AmpC β-lactamases located at plasmids were also recognized in different bacteria, including 
in species naturally lacking the chromosomal blaAmpC genes, such as Klebsiella spp., Proteus 
mirabilis and Salmonella spp. (15–17).  
Over 240 allelic variants of AmpC β-lactamases have been described worldwide, being 
recognized to date eight AmpC-types (ACC, ACT, CFE, DHA, FOX, LAT, MIR, MOX) 
(ftp://ftp.ncbi.nlm.nih.gov/pathogen/betalactamases/Lahey.tab). Affiliations of 
chromosomal- and plasmid-encoded AmpC amino acid sequences (Figure 1) demonstrates 
the high diversity of chromosomal AmpCs and the close relationship of qAmpCs to 
chromosomal enzymes of particular species. Therefore, qAmpCs can be divided in five 
sublineages or groups, according with affiliations with the most closely chromosomal-
encoded AmpC described in particular species or bacterial families: Citrobacter freundii 
group (LAT and most of the CMY types; 94% amino acid identity), Enterobacter group 
(ACT-1 and MIR-1; 85% to 98% amino acid identity), Morganella morganii group (DHA-1 
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and DHA-2; 100% amino acid identity) and H. alvei group (ACC-1; 100% amino acid 
identity), which might be their origin (Figure 1). The phylogeny of CMY-1, CMY-8, CMY-9, 
MOX, and FOX qAmpCs is unclear, despite their low sequence similarities (≤77% amino 
acid identity) with chromosomal AmpC β-lactamases from Aeromonadaceae group (Figure 
1) (16–18). The novel qAmpC CDA-1 recently described in a Cedecea davisae clinical isolate 
is phylogenetically and biochemically close to the chromosome-encoded β-lactamases from 
Enterobacter (19). 
 
 
FIGURE 1. Affiliations of chromosomal- and plasmid-encoded AmpC amino acid 
sequences [reprinted with permission from reference (16)]. 
 
According to their amino acid sequence, these enzymes with serine in the active site 
were positioned in the class C of the Ambler structural classification of β-lactamases (20). 
AmpC enzymes are resistant to β-lactamase inhibitors [clavulanate (CLA)] and 
hydrolyze aminopenicillins, first generation cephalosporins (C1G), and depending on the 
enzyme, second generation cephalosporins (C2G) including cephamycins [e.g. cefoxitin 
(FOX), cefotetan (CTT)]. These enzymes also hydrolyze carboxipenicillins, ureidopenicillins 
and third generation cephalosporins (C3G) to a lesser extent (21). ACC-1 is exceptional in 
not conferring resistance to cephamycins and is actually cefoxitin inhibited (15). These 
hydrolytic and inhibition profiles justify the inclusion of the AmpC β-lactamases in the 
group 1 of Bush-Jacoby-Medeiros classification scheme (22,23). According with resistance 
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phenotypes conferred by AmpC production, Enterobacteriaceae are divided in different 
groups: Enterobacteriaceae lacking AmpC (group 0) or producing intrinsic (“wild-type”) 
(group 1), low- (group 2) or high-level cephalosporinase (group 3), and acquired AmpC β-
lactamases (group 4), as shown in Table 1, and detailed below.  
Salmonella spp. and P. mirabilis lack natural AmpC β-lactamase genes, being 
intrinsically susceptible to aminopenicillins, carboxipenicillins, ureidopenicillins, 
aztreonam, cephalosporins and carbapenems (group 0). This susceptibility phenotype is 
also naturally exhibited by E. coli and Shigella spp. (group 1) (21), despite they produce very 
low levels of a non-inducible (lacks an ampR gene) chromosomal AmpC-type 
cephalosporinase (15,21). In many Enterobacteriaceae species (e.g. Enterobacter cloacae, 
Enterobacter aerogenes, C. freundii, Providencia spp., M. morganii, H. alvei, Serratia 
spp., Pantoeae agglomerans), the chromosomal AmpC expression is inducible by β-lactams 
(strong inducers include FOX, imipenem, and CLA) (group 2) (15,21). The low-level 
cephalosporinase comprises resistance to aminopenicillins, aminopenicillins/β-lactamase 
inhibitor combinations, and C1G (group 2). They can be divided in sub-groups according 
with their behavior towards cefuroxime (CXM) and FOX: (i) species usually susceptible to 
CXM and FOX (H. alvei, Providencia rettgeri, Providencia stuartii, and Providencia 
agglomerans); (ii) species more resistant to FOX than CXM (E. cloacae, E. aerogenes, and 
C. freundii); and (iii) species more resistant to CXM than FOX (Serratia marcescens and 
M. morganii) (21).  
Hyperproduction of chromosomal AmpC β-lactamases (“high-level 
cephalosporinase”) is characterized by more or less marked resistance to penicillins (except 
to amdinocillin or temocillin), C1G, C2G, at least one C3G and aztreonam.  C4G are usually 
more active (group 3). The synergy test (usually performed as a phenotypic test to detect 
ESBL expression) is negative between clavulanate and C3G, C4G or aztreonam. 
Cephamycins are inactive except in the species H. alvei due to production of ACC-1. 
Resistance conferred by AmpCs to different β-lactams can be partially or totally restored in 
the presence of cloxacillin (an AmpC β-lactamase inhibitor) (21). The hyperproduction of 
AmpC in species with inducible expression of this enzyme (e.g. Enterobacter spp., C. 
freundii, Providencia spp., and S. marcescens) is thought to be derived from the action of 
the LysR-type transcriptional regulator (LTTR) AmpR, whereas in E. coli the high-level 
cephalosporinase is mainly due to mutations in the promoter or attenuator region and/or 
gene duplication (16,21,24). Finally, the high-level cephalosporinase phenotype can result 
from acquisition of a plasmid encoded blaAmpC gene (qAmpC).  
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Worldwide epidemiology of qAmpCs among Enterobacteriaceae from clinical 
settings 
qAmpCs have spread across countries and continents, however their prevalence, 
distribution and types differ according to geographical location, bacterial species, settings, 
and time periods analysed (15,25,26). Furthermore, comparing qAmpCs prevalence 
between countries and even within the same country is a difficult task, if not impossible, 
since the rates of occurrence of qAmpCs vary according to the sample selected for analysis 
(isolates resistant to cephalosporins, cefoxitin, ampicillin, fluoroquinolones, or 
cotrimoxazole; ESBL or carbapenemase producers; presumptive AmpC producers).  
The qAmpCs are not linked exclusively to Enterobacteriaceae isolated from human 
origin. The primary reservoirs, however, of such organisms are still contentious and might 
be multiple (27). In fact, qAmpC-producing E. coli and Salmonella have been isolated from 
food-producing (particularly poultry and cattle), wild, stray and domestic animals, from 
aquatic environments, and also from food (2,27–36). All these reports raise important 
questions about the possible role of different ecological reservoirs, being suggested an 
important role of livestock in the selection or enrichment of qAmpC-producing bacteria, 
particularly of CMY-2 like producers (2,27,29,37,38). Moreover, the global mobility of 
people (international travel, human migration, patients transfer), and food and livestock 
trade seem to contribute to the spread or shifts in the occurrence and diversity of qAmpCs 
in different locations (39,40).  
CMY-2 is clearly the most globally widespread and dominant qAmpC, reported mostly 
in E. coli isolates, but also noticeable among Salmonella spp., being recovered from 
different clinical settings and also from non-human hosts as mentioned above (2,6,12,41–
48) (Table 2). DHA-1, the second most prevalent qAmpC, has been particularly detected 
among Klebsiella pneumoniae recovered from hospitals (Table 2). Other qAmpC-types have 
been only sporadically reported (Table 2). Most of qAmpC producers other than Salmonella 
have been associated with urinary tract infections (Table 2).  
The relevance of clonal expansion, plasmid dissemination or both mechanisms in the 
spread of qAmpCs varies according with the bacterial species and/or the qAmpC-type 
analysed. Overall, the spread of blaCMY-2 among clinical E. coli has been largely due to 
dissemination of some specific plasmid families [please see section “The impact of MGEs in 
the qAmpC epidemiology”], with clonal outbreaks of blaCMY-2 carrying Salmonella described 
in different geographic locations (45,46,49,50). Moreover, outbreaks of particular DHA-1-
producing K. pneumoniae clones, which have been observed in some countries, have 
emerged subsequently to plasmid spread.  
The following section of this manuscript is dedicated to present an overview of the 
distribution and population structure of qAmpC-producing Enterobacteriaceae recovered 
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from different clinical settings worldwide. However, few surveys analysed the clonal 
contribution to the spread of qAmpCs, with most of them being performed in Europe (Table 
2), as will be further detailed.  
 
The Americas 
In North America, CMY-2 is the most commonly detected qAmpC in E. coli and 
Salmonella spp. both in hospital and community clinical settings (Table 2) (12,43,48,51,52). 
Other qAmpC-types have been sporadically reported among different Enterobacteriaceae 
species (Table 2). However, the selected isolates might not be representative of qAmpC-
producing Enterobacteriaceae, as most of the studies only analysed specific 
Enterobacteriaceae species (e.g. E. coli, K. pneumoniae, Klebsiella oxytoca, P. mirabilis or 
Salmonella spp.) (Table 2).  
 Remarkably, one USA study comparing CMY- or ESBL-producing E. coli recovered 
from different clinical sources in the same period of time (2007), showed that infections 
caused by CMY-producing E. coli were almost as frequent as those involving ESBL-
producing E. coli (53). Recently (2009-2011), 14% and 7.4% of E. coli producing CMY-2 
were obtained from community-dwelling human patients and from hospital patients with 
bloodstream infections, respectively (43,54).  In this country, the dissemination of CMY-2 
among Salmonella multi-drug resistant (MDR) involved in human infections first emerged 
in Salmonella enterica serotype Typhymurium (hence forward S. Typhymurium) and latter 
in S. Newport due, in part, to the emergence of “Newport-MDRAmpC” (55–58). The 
acronym “MDRAmpC” refers to strains that are resistant to 9 antimicrobial agents 
(ampicillin, chloramphenicol, streptomycin, sulfamethoxazole, tetracycline, 
amoxicillin/clavulanic acid, cephalothin, cefoxitin, and ceftiofur), exhibit either decreased 
susceptibility or resistance to extended-spectrum cephalosporins (e.g. ceftriaxone), and are 
sometimes resistant to trimethoprim-sulfamethoxazole (56). These strains are of particular 
concern, as ceftriaxone is the drug of choice for treating complicated salmonellosis in 
children (50,57). Subsequent epidemiological studies showed that the CMY-producing 
Salmonella strains were widely spread among livestock animals in various parts of the 
country being also possible for the majority of these cases to identify an epidemiological link 
to the handling or consumption of contaminated food products (e.g. beef, egg, chicken, 
milk) (56–59). Interestingly, during 2000-2002, Moland et al. (2006) sampled 63 USA 
sites (hospitals, clinical laboratories, health care systems) in 34 states and observed that 
FOX-like was the most predominant qAmpC-type, being identified among K. pneumoniae 
and K. oxytoca isolates, while in 2010, among Enterobacteriaceae bloodstream isolates 
collected from 26 hospitals located in 20 USA states, FOX-5 was the second most prevalent 
qAmpC identified mostly in K. pneumoniae (43,60). However, in both studies the role of 
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particular clones in the spread of these enzymes was not evaluated. Recently, phylogenomic 
analysis of FOX-5-producing E. coli and Klebsiella isolates from a cohort study investigating 
the colonization by qAmpC producers from patients in ICUs, demonstrated a considerable 
genomic diversity (61). Four isolates were identified as likely to have been acquired or 
selected during the stay at the ICU, since the patients were negative for qAmpC producers 
upon admission to the ICU. The authors showed that the FOX gene is mobile and that the 
genomic backbone of E. coli or Klebsiella is not a determining factor in the acquisition of 
this feature (61). 
In Canada, one study involving patients in Intensive Care Units (ICUs) from 19 
tertiary-care hospitals, in a close time period (2005-2006), showed that qAmpC-producing 
E. coli (5.5%; mainly CMY-2) were even more prevalent than ESBL-producing E. coli (3.7%; 
mostly CTX-M-15), which was attributed to the implementation of improved infection 
control measures to minimize the spread of ESBLs producers, whereas AmpC-producers, 
which generally are unidentified were not subjected to such infection control measures (62). 
More recently, a shift in the distribution of acquired β-lactamases was noticed by the 
CANWARD study (2007-2011), with an increase of ESBL-producing E. coli (5.3%; mostly 
CTX-M-15) over qAmpC-producing E. coli (1.3%; mostly CMY-2) (8). In these studies, 
bacterial typing by Pulsed-Field Gel Electrophoresis (PFGE) revealed that qAmpC-
producing E. coli were genetically unrelated (8,62,63). The first reported case of CMY-2-
producing Salmonella, isolated from human patients in Canada, occurred in 2002 during a 
small outbreak of S. Newport (64). Other studies showed that CMY-2 was also frequent 
among Salmonella Heidelberg, S.  Typhimurium, amongst other serotypes (31,51). 
Characterization of CMY-2-producing S. Heidelberg population recovered from different 
Canadian sources (livestock, abattoir, retail meat, and human patients) revealed limited 
genetic diversity amongst isolates of human and non-human origin, suggesting livestock 
and food of animal origin as an important source of Salmonella carrying blaCMY-2 (51).  
Regarding Latin America, CMY-2 was the most commonly identified qAmpC-type, 
although available studies analysing qAmpC occurrence are few (Table 2). Nevertheless, the 
occurrence of CMY-2 varied according to time period, clinical setting, bacterial species and 
sample selected for analysis.  
In Brazil, the presence of qAmpC-producing Enterobacteriaceae has been 
sporadically reported throughout time. In 2001, qAmpCs were not detected among K. 
pneumoniae, P. mirabilis or E. coli isolates recovered at a large university hospital 
(65). Latter studies (2002-2003, 2006) reported a single FOX producer in E. coli and a 
single CMY-2-producing K. pneumoniae (43,66). On the other hand, blaCMY-2-like was 
detected in two clonally related E. coli strains isolated from the body of a single patient in 
2007 (67). More recently (2012), clonally unrelated CMY-producing E. coli isolates (n=12; 
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11 CMY-2, 1 CMY-4) were identified in outpatients (0.46%) and inpatients (1.8%) with 
suspected urinary tract infections (68).  
In Argentina, CMY-2 (or CMY-2-like) was the dominant qAmpC-type reported in 
2006 and 2009, being identified among clonal related Shigella flexneri recovered from 
paediatric patients and among clonally unrelated E. coli recovered from hospital or 
community settings, respectively (69,70). Nevertheless, CIT group qAmpCs [including LAT-
1 to LAT-4, CMY-2 to CMY-7, BIL-1 (71)] were identified among different 
Enterobacteriaceae species from six hospitals in Argentina (2009) (72) and have also been 
detected in a collection of P. mirabilis in Chile, of which 59% were recovered from 
community-acquired infections (73). The high genetic variability observed among P. 
mirabilis isolates suggests that the increase of CIT qAmpCs from 2006 (0.17%) to 2009 
(4.5%) might be mainly due to plasmid dissemination (73). 
Reports of blaCMY-2-producing Salmonella are infrequent in countries outside North 
America (55). Possible explanations for this low frequency could be the lack of systematic 
screening for Salmonella isolates carrying such qAmpCs. From 2000 to 2005, an integrated 
surveillance system of the food chain in Mexico, that included samples from humans with 
systemic infections and humans with symptomatic/asymptomatic enteric infections, retail 
meat and food-animal intestines, revealed the emergence and rapid dissemination of MDR 
blaCMY-2-producing S. Typhimurium in food animals and humans (50,55). PFGE analysis of 
the MDR blaCMY-2-producing S. Typhimurium isolates revealed high clonal diversity, yet in 
some of the clusters human isolates were found to be closely related with those from swine 
intestine or retail meat, supporting the hypothesis of Salmonella transmission through the 
food chain (50,55). In Uruguay, only two faecal isolates of S. Typhimurium, obtained from 
children with diarrhea, were reported as producing CMY-2 (74), while in Honduras, a S. 
Infantis isolate producing CMY-2, CTX-M-15 and SHV-5 was originated from a pediatric 
patient (75). In Argentina, CMY-2 was described in one S. Heidelberg isolate recovered from 
a diarrheal stool sample of an HIV adult (76). 
 
Europe 
The overall data confirm the dispersion of qAmpCs in most European countries (Table 
2). Studies involving multiple clinical settings or performed during large periods of time, 
revealed CMY-2 as the dominant qAmpC, with exception of one Portuguese study reporting 
the dominance of DHA-1 among Enterobacteriaceae isolates (see text below) (26)(Table 2). 
In Norway, two multicenter studies (12 to 13 laboratories; 2003-2005; 2003-2007) revealed 
CMY-2 as the dominant qAmpC among a collection of clinical E. coli isolates (77,78). In 
Spain, a multicenter study covering 35 hospitals during a 6-month period and a longitudinal 
study (1999-2007) performed at one hospital showed that CMY-2 was also the most widely 
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spread qAmpC among different Enterobacteriaceae species (E. coli, P. mirabilis, Klebsiella 
spp., Salmonella spp., Citrobacter koseri, Proteus penneri), although other qAmpCs 
(individually or associated) were also identified (Table 2) (25,41). In Poland, a multicenter 
study involving three hospitals and analyzing Enterobacteriaceae isolates during a 3-month 
period, identified CMY-2-like variants as the dominant qAmpC-type, although it was only 
found in P. mirabilis (79). CMY-2 was also the most qAmpC reported in Belgium, Bosnia 
and Herzegovina, Denmark, France and Switzerland, being mostly identified among E. coli 
recovered from hospitals or community settings (Table 2). In studies only analyzing 
Salmonella enterica isolates, CMY-2 was reported as the dominant qAmpC (France, 
Germany, Portugal, Romania, Spain) (Table 2) (6,45,47,49,80). Remarkably, in Portugal, a 
longitudinal study performed during 2002-2013 revealed a distribution of qAmpCs 
different from that found in other European countries. DHA-1 was detected in different 
clinical institutions and mostly in K. pneumoniae isolates, representing 96% of the qAmpCs 
identified in 2002-2008 versus 55% in 2009-2013, while CMY-2 was mostly recovered from 
E. coli isolates, representing 4% of the qAmpCs identified in 2002-2008 versus 45% in 
2009-2013, the latter linked to isolates recovered from community (53%) or hospitalized 
(47%) patients (26). In Bulgaria, the first (2008) and the only reported qAmpC to date, to 
the best of our knowledge, was identified as ACC-1 in K. pneumoniae isolate collected from 
an hospitalized patient (81). 
The characterization of CMY-2 producing E. coli population revealed a high clonal 
diversity and the absence of any predominant clone (Table 2), which could reflect multiple 
acquisitions possibly from different reservoirs. Nevertheless, some widespread lineages of 
E. coli belonging to phylogenetic group B2 [sequence type (ST) 95, ST131], D (ST69, ST393, 
ST405, ST648), and A e B1 clonal complexes (ST10, ST155, ST168, ST448) have been 
detected (Table 2). Sporadic cases and outbreaks in humans in France during 2000-2005 
were associated with MDR S. enterica serotype Newport (80,82). The authors hypothesized 
that during 2000–2005 some isolates likely entered France from North America through 
imported food or they could have come to France and North America from some other 
country (80). In fact, French and USA MDR-AmpC S. Newport shared some characteristics: 
ST45 and IncH1 plasmid carrying blaCMY-2. In Romania, Salmonella isolates (12 S. 
Typhimurium and 1 S. Heidelberg) recovered from children with gastroenteritis produced 
CMY-2. The similarity of the PFGE patterns observed among S. Typhimurium isolates 
suggested an outbreak (49).  
Unlike the predominance of CMY-2 in E. coli and Salmonella spp. isolates recovered 
from different clinical settings, most of reports showed DHA-1 as the predominant qAmpC 
among K. pneumoniae isolates recovered from hospital settings, with dissemination of 
particular clones in some countries (Table 2). The international ST11-K. pneumoniae clone 
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(belonging to clonal group CG258) was associated with the spread of DHA-1 in Czech 
Republic and Portugal (Table 2), despite it had been more commonly linked to the 
worldwide spread of different carbapenemases (KPC-2/-3; VIM-1/-4; NDM-1; OXA-48/-
245) or ESBLs (SHV-5/-12; CTX-M-3/-15; SFO-1) (4,83–88). In Portugal, 48% of DHA-
producing K. pneumoniae isolates belonged to ST11, obtained from several clinical 
institutions (hospital and community) at different regions (26). In Czech Republic, all 38 
DHA-producing K. pneumoniae (of which only 9 were identified as DHA-1) belonged to 
ST11 (89). In France, the emergence of DHA-1-producing K. pneumoniae was associated 
with ST37, ST48 and ST1263 clones (90,91). The high-risk ST37-K. pneumoniae clone, 
which has a worldwide distribution and is relatively common in healthcare environments 
(92), was indicated as the responsible for the DHA-1 increase observed from 2008 (0.2%) 
to 2010 (3.1%) (90), while ST48 and ST1263 clones were linked to the emergence of DHA-
1-producing K. pneumoniae in surgical ICU at one French hospital (2006-2010) (91). Clonal 
analysis of DHA-1-producing K. pneumoniae isolates associated with an outbreak in the 
burns ICU at one Spanish hospital, showed the involvement of ST37 (92). The 
characterization of 26 DHA-1-producing K. pneumoniae from other Spanish hospital, 
revealed that 54% belonged to ST17 (clonal group CG17) (93), which has been frequently 
associated with the worldwide spread of CTX-M-15 among clinical or commensal isolates 
(4), and more recently with dissemination of carbapenemases (NDM-1, VIM, KPC, OXA-
181) in Egypt, Greece, China, and Singapore (94–99).  
Outbreaks of Enterobacteriaceae producing other qAmpC-types than CMY-2 or 
DHA-1 have also been described, but in most cases they seemed to be only of local 
significance. Clonal outbreaks associated with ACC-1-producing K. pneumoniae have been 
reported in French and Irish hospitals (100,101), while FOX-7-producing K. 
pneumoniae belonging to ST26 or ST14 were involved in a large clonal outbreak in a 
neonatal ICU in Italy (102). Another large outbreak involving a single P. mirabilis clone 
expressing CMY-16 was also observed in different hospitals and long-term care and 
rehabilitation facilities in Northern Italy (103–105). 
Shifts in the occurrence and diversity of qAmpCs among Enterobacteriaceae isolates 
in some European countries might be associated with patients traveling outside Europe or 
transferred from one country to other (40,106). In Belgium, for example, one patient who 
had been previously hospitalized in Montenegro was colonized with E. coli producing CMY-
16 and NDM-1 carbapenemase (107). In one Serbian patient admitted at a Swiss hospital, 
and in a Swiss patient transferred from the ICU of a hospital located in Serbia, it was 
observed infection or intestinal colonization with CMY-16-producing K. pneumoniae, 
respectively (108,109). These isolates also co-produce NDM-1 and/or OXA-48 
carbapenemases, and/or CTX-M-15 ESBL. 
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Asia 
CMY-2 and DHA-1 were the most reported qAmpC-types in Asian countries (China, 
Japan, Korea, and Malaysia) (110–116) (Table 2). Nevertheless, it should be highlighted that 
most of the study designs were based in biased samples, as the occurrence of qAmpCs has 
been determined mostly among E. coli and/or K. pneumoniae isolates. Few studies analysed 
the occurrence and diversity of qAmpCs among diverse Enterobacteriaceae species and 
most of them did not characterize the population structure of qAmpC producers (Table 2).  
CMY-2 was the most common qAmpC in studies only analyzing E. coli, recovered 
either from hospital (China, Iran, Japan, Russia, Thailand) or community settings (China, 
Japan) (46,97,117–119), while DHA-1 was the most predominant qAmpC among K. 
pneumoniae mainly recovered from nosocomial settings (China, Korea, Japan, Taiwan) 
(110–114,119–123), and only sporadically associated with outpatients (Japan) (119) (Table 
2). Interestingly, two Chinese studies revealed that CMY-2 was as frequent as DHA-1 among 
E. coli (110,111), whereas another study showed DHA-like as the predominant qAmpC-type 
among E. coli (124). One study performed in Korea during 2007-2010 revealed that DHA-
1-producing K. pneumoniae were as frequent as DHA-1-producing E. coli (125).  
In India, the predominant qAmpC-type varied according with the clinical setting 
analysed. DHA group qAmpCs (including DHA-1, DHA-2) or CIT and EBC (including MIR-
1 and ACT-1) and CIT group qAmpCs were reported as the predominant among E. coli and 
K. pneumoniae isolates from different hospitals during the same time period (2009-2010), 
respectively  (126–128), while another Indian study covering five tertiary care centres 
showed that co-production of CIT and FOX qAmpC-types was the most frequent situation 
among E. coli and K. pneumoniae isolates (2007-2008) (129). Furthermore, in a collection 
of one hundred nosocomial K. pneumoniae isolates, CMY-2 was the most detected (2008-
2009) (130).  
Sporadic descriptions or clonal outbreaks of CMY-2 producing Salmonella have been 
described in Asia. In Thailand, CMY-2 was identified in S. Stanley, which is a pig-associated 
serotype common in Southeast Asia and the second most common serotype implicated in 
human salmonellosis between 2002 and 2008 (40). Interestingly, authors also showed that 
at least some of the Salmonella Stanley isolates collected from patients in Europe were 
acquired during travel to Southeast Asia (40). Moreover, an outbreak of CMY-2 producing 
Shigella sonnei involving infected children in two elementary Taiwan schools was described 
in 2001 (131).  
 Clonal outbreaks involving MDR K. pneumoniae producing DHA-1 have been 
disclosed in Korea, Japan and China, yet the population structure has not been addressed 
(114,132,133), whereas TSAR (Taiwan Surveillance of Antibiotic Resistance) surveillance 
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programme showed that ST11-K. pneumoniae producing DHA-1 was the dominant clone 
(123) (Table 2), although the ST15-K. pneumoniae clone has also been identified mainly 
when isolates were involved in bloodstream infections (122). Dissemination of DHA-1-
producing K. pneumoniae in a Korean tertiary care hospital was linked both to horizontal 
and clonal spread (112). A complex epidemiology of qAmpCs involved also clonal and 
plasmid spread was also observed for DHA-1 and CMY-2 among E. coli from 
a university hospital in China during 2003 to 2005 (110).  
 
Africa 
Few African studies evaluated the occurrence of qAmpC-producing 
Enterobacteriaceae, with most of them being conducted in North Africa (Algeria, Egypt, 
and Morocco) (Table 2), and overall the most predominant qAmpC-type vary between 
countries. A shift in the CMY-type has been reported in Algeria, which might be related with 
a temporal evolution by a step-by-step mutation. CMY-2 was the most commonly identified 
qAmpC in clinical Enterobacteriaceae collected between 2003 and 2007 from three Algiers 
hospitals (134), while CMY-4 (differing from CMY-2 in W661R) was the most prevalent 
CMY-type identified in different Enterobacteriaceae species, mostly (60%) associated with 
community-acquired infections, reported by a multicenter and longitudinal study involving 
5 hospitals and 4 private laboratories in Algeria carried out during 2005-2010 (135). In 
Egypt, CMY-2 or CMY-2-like were the most commonly identified qAmpCs in different 
Enterobacteriaceae species (mostly E. coli) (2008, 2011-2012), whereas in Morocco (2010), 
ACT (ACT-2 and ACT-7) was the dominant qAmpC-type, although sporadically reported 
among producing K. pneumoniae isolates recovered from patients with community-
acquired UTIs (136).I In Kenya, E. coli co-producing CMY-2-like and CTX-M-15 ESBL were 
responsible for community-acquired UTIs (137). In Nigeria and South Africa, qAmpCs were 
sporadically reported (Table 2). In Tunisia (2000, 2002-2003), a large clonal outbreak 
involving ACC-1-producing S. Livingstone was reported affecting pediatric wards from three 
different hospitals (138). Latter (2005-2006), other outbreak was described involving 
P. stuartii producing CMY-2-like (4 identified as CMY-16) recovered from patients at 
a burn ward of one hospital (139). Interestingly, the authors observed that the use of the 
same aspirator containing CMY-2-producing P. stuartii strains was concomitant with the 
beginning of the outbreak. 
 
Oceania 
There are only limited data on the occurrence of qAmpC-producing 
Enterobacteriaceae in this continent, with two studies being performed in Australia and 
one in New Zealand (Table 2). The only qAmpC identified in E. coli was CMY-2 reported 
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between 2008 and 2010 from three Australian hospitals, with the majority of CMY-2-
producing E. coli belonging to phylogenetic groups D (60%) and B2 (24%) (12). Also in 
Australia, S. Typhimurium co-producing CMY-7 and SHV-9 was isolated from a stool 
sample of one hospitalized patient after a trip from Australia through Pakistan, Turkey and 
Saudi Arabia (140). In New Zealand (2006), the only qAmpC identified in unrelated E. coli 
was also CMY-2, with all the isolates categorized as community-acquired and they were all 
from the Auckland region (141). 
 
The impact of plasmids and other MGEs in the qAmpC epidemiology among 
clinical Enterobacteriaceae 
Although qAmpCs are normally encoded by genes located in plasmids, the capture 
and dissemination of blaqAmpC between the same or different Enterobacteriaceae species are 
also associated with the horizontal transmission of other MGEs. MGEs can be generally 
divided in two types: (i) elements that can move from one bacteria to another, as conjugative 
plasmids, transposons and integrative and conjugative elements (ICEs);  and (ii) elements 
that can move from one genetic location to another in the same cell (transposons, 
integrons/gene cassettes) (142). 
Several epidemiological studies showed a high diversity of plasmid backbones 
(different size, self-transfer ability, and antibiotic resistance patterns) 
carrying blaqAmpC genes (16,26,51,78,143,144). Molecular epidemiological data available 
indicate that a diversity of plasmids with the dominance of IncI1 and IncA/C have been 
associated with spread of blaCMY-2 among members of the family Enterobacteriaceae 
(mostly clonally unrelated E. coli or Salmonella spp.) recovered from clinical (Table 3) or 
non-clinical settings (51,54,145–149). Several other blaCMY gene variants were also linked to 
the IncI1 and IncA/C plasmid families (Table 3). More recently, IncA/C plasmids carrying 
blaCMY-4 or blaCMY-16 have acquired other antibiotic resistance genes, such as genes coding for 
carbapenemases (blaNDM-1, blaVIM-4, blaOXA-48, blaOXA-204) and/or quinolone resistance (QNR) 
proteins (qnrA6), ESBLs (blaCTX-M-15, blaPER-1), 16S rRNA methylases (armA), and 
fosfomycin resistance (fosA3) (108,109,150–154). The IncK was the third most common 
plasmid replicon-type associated with blaCMY-2 (Table 3). Diverse plasmid families were 
associated with blaDHA-1 identified in K. pneumoniae, although the most commonly reported 
include the IncL/M, IncHI2, IncR and IncFIA groups. These plasmids carrying blaDHA-1 have 
also been reported among other Enterobacteriaceae species (Table 3). Regarding FOX-5, 
the majority of the blaFOX-5–carrying plasmids among E. coli and Klebsiella spp. in the USA 
were categorized in the IncA/C group (Table 3). 
Plasmids carrying qAmpCs genes (blaCMY-2-like, blaDHA-1-like, blaFOX-like, blaACT-1, blaACT-2, 
blaACT-7, blaACT-16) often carry multiple other β-lactam resistance genes, including genes 
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coding for ESBLs (TEM-type, SHV-type, CTX-M-type, PER-1, OXA-1) and/or 
carbapenemases (OXA-48/-162/-204, VIM-1/-4, IMP-1/-4, NDM-1, KPC-2, CARB-2/PSE-
1) (Table 2) (61,109,133,150,152,153,155–160), as well as  resistance determinants to non-
β-lactam antibiotics, such as aminoglycosides (e.g. armA, rmtB, rmtC), fluoroquinolones 
[e.g. qnrA, qnrB, qnrS, aac(6′)-Ib-cr], and sulfonamides (e.g. sul1), amongst others 
(26,86,88,109,155,161–164). These resistance genes can be found in identical or different 
plasmid backbone (109,164). This situation is of public health concern because complicate 
the management of infections due to Enterobacteriaceae being resistant to several 
antimicrobial agents, especially last resort drugs (e.g. carbapenems).  
The insertion sequence (IS) Ecp1 can co-mobilize flanking DNA fragments via a one-
ended transposition mechanism, and it also can supply an efficient promoter for the high-
level expression of neighbouring genes (15). This transposable element (ISEcp1/ΔISEcp1) 
has been responsible for the mobilization of genes encoding CMY-2-like [CMY-2, CMY-4, 
CMY-5, CMY-7, CMY-12, CMY-14 to CMY-16, CMY-21, CMY-23, CMY-25, CMY-27, CMY-
31, CMY-36, CMY-40, CMY-42, CMY-48, CMY-57, CMY-58, CMY-59, CMY-60], ACC-1 and 
ACC-4 from the chromosome of Enterobacteriaceae species to plasmids 
(15,29,143,144,165). Other IS, namely IS26  has been associated with the mobilization of 
DHA-1 (144). A composite transposon comprising a C. freundii-derived sequence of 4,252 
bp which including the blaCMY-13-ampR region, was flanked by two directly repeated 
IS26 elements in E. coli, indicating that this gene might have spread from the Citrobacter 
chromosome to a plasmid through an IS26-dependent mobilization, similarly as described 
for blaSHV genes in S. Typhimurium and E. coli (166). 
Although plasmids have proven to be one of the main mechanisms involved in the 
rapid dissemination of blaqAmpC among Enterobacteriaceae, other MGEs such as SXT/R391-
like ICEs have been associated with the mobilization of blaCMY-2 in P. mirabilis (26,142,167). 
ICEs are self-mobile elements found in the genome of some bacteria (168). They are able to 
integrate into bacterial chromosomes, to excise from the chromosome, and to transfer 
themselves from one bacteria to another by conjugation, despite they are not able to 
replicate by themselves (142,168). Integration of the ICE is usually site-specific and 
frequently occurs at the 3′ end of a tRNA gene (168). 
Genes encoding other qAmpCs (CMY-1, -8, -9, -10, -11, and -19; DHA-1, -6, -7; MOX-
1; ACC-1) have been found adjacent to an ISCR1 involved in gene mobilization into complex 
class 1 integrons (15,101,144). Class 1 integrons are derivatives of Tn402 transposons, but 
they are defective for self-transposition and their dissemination occurs through association 
with transposons (mostly Tn3/Tn21 family) and/or plasmids (169). The blaFOX-3, blaFOX-8, 
blaFOX-10 (GenBank accession number NZ_AKYX01000140) and blaACT-10 were located in a 
class 1 integron (144,170), whereas blaFOX-7 was associated with a transposon (Tn6240) 
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(171). In summary, the horizontal spread of blaqAmpC genes among strains belonging to the 
same or different Enterobacteriaceae species seems to be associated with a complex 
dissemination process involving different MGEs. 
 
Conclusions 
Epidemiological data regarding qAmpCs among Enterobacteriaceae can be 
characterized at the best as incomplete. Therefore, only estimations of their worldwide 
prevalence can be made, a situation that reflects the lack or insufficiency of surveillance 
systems in many countries (mostly African, South American and Oceanian countries). 
Furthermore, it is difficult to compare the occurrence of qAmpCs among clinical 
Enterobacteriaceae from different countries of the world, as there is no uniformity 
regarding the bacterial species, time period and type clinical setting(s) analysed in the 
different studies. Notwithstanding these limitations, some general epidemiological features 
are highlighted. First, it is clear that CMY-2 is the predominant qAmpC described in 
different clinical settings mostly among E. coli or Salmonella spp. isolates, whereas DHA-1-
producing K. pneumoniae isolates are more related to hospital setting. Second, the 
mechanisms of qAmpC spread, amplification and persistence might be complex, involving 
clonal spread of bacteria (usually with only local impact) and also plasmid dissemination, 
which has proven to have an important role in the rapid dissemination of blaqAmpC among 
Enterobacteriaceae, although other MGEs may also be relevant for the epidemiology of 
qAmpCs. In fact, particular plasmids have been associated with the global spread of blaCMY-
2 among Enterobacteriaceae, while the participation of clones and/or plasmids contributed 
to the amplification of DHA-1 in hospital settings. Third, in the last years, increasing 
qAmpC-producing Enterobacteriaceae resistant also to other antibiotics, including to last 
resort drugs (e.g. carbapenems), by carrying other mechanisms of resistance, constitute a 
complex multifactorial problem of high public health significance that deserves a deep 
analysis and the implementation of specific interventions at different levels. 
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1.2. Review Article 
Epidemiology of acquired β-lactamases involved in 
resistance to extended-spectrum β-lactams in 
Enterobacteriaceae in Africa: a global overview and recent 
trends
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Abstract 
Available epidemiological data suggests that the dissemination of Enterobacteriaceae 
resistant to extended-spectrum β-lactams constitutes an important problem in Africa with 
a probable impact in the global epidemiology. However, detailed molecular data from 
African countries, and especially on acquired β-lactamases are fragmented and limited to 
certain bacterial species, clinical settings and/or countries hindering to establish a global 
scenario. In this review, we describe the current status regarding the occurrence, diversity 
and distribution of acquired β-lactamases (EAAC) [extended-spectrum β-lactamases 
(ESBLs), acquired AmpC β-lactamases (qAmpC) and carbapenemases] among 
Enterobacteriaceae isolates recovered from clinical and non-clinical settings in Africa. The 
contribution of particular Enterobacteriaceae clones and/or plasmids for the dissemination 
of antibiotic resistance determinants to extended-spectrum β-lactams in Africa is also 
reviewed.  
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Introduction 
Africa is the second largest and most populous continent, after Asia. It includes 54 
nations that altogether comprise approximately 1.2 billion people, representing nearly 15% 
of the world population 
(http://www.unicef.org/publications/files/UNICEF_Africa_Generation_2030_en_11Aug
.pdf). Most of the African countries reflect low human development indexes (HDI), 
according to the last HDI rank from 2014 (http://hdr.undp.org/en/composite/HDI). 
Relatively to Public Health, the lack of financial and political resources, nutrition 
deprivations, poor sanitation, overcrowding living conditions, inadequate hygiene and 
infection control measures in healthcare settings affect large areas of Africa and might 
constitute favorable conditions for the dissemination of antimicrobial resistant bacteria 
(AMR) (1,2). In a recent report launched by the World Health Organization (WHO), it is 
recognized that “…information concerning the true extent of antimicrobial resistance in 
the African Region is limited because surveillance of drug resistance is carried out in only 
a few countries. There is a scarcity of accurate and reliable data on antibiotic resistance 
for many common and serious infectious conditions that are important for public health 
in the region” 
(http://apps.who.int/iris/bitstream/10665/112642/1/9789241564748_eng.pdf). 
Arguably, the most important concern regarding antibiotic resistance during the last 
decades has been the emergence and spread of acquired β-lactamases (EAAC) [extended-
spectrum β-lactamases (ESBLs), acquired AmpC β-lactamases (qAmpC) and 
carbapenemases] in bacteria from different ecological niches (3–7). Although the 
compilation of some African studies suggest that EAAC-producing Enterobacteriaceae are 
already established in Africa (8–12), most data are fragmented and biased towards 
particular acquired β-lactamases, clinical settings, infections (e.g. bacteremia) and 
countries. In addition, there is no comprehensive review of clones and/or plasmids linked 
to the spread of these β-lactamases in Africa, preventing to understand reservoirs and 
transmission routes and ultimately the contextualization with data from topic. We will 
provide an overview on the current status regarding the occurrence of genes encoding EAAC 
among Enterobacteriaceae isolates recovered from clinical and non-clinical niches in 
Africa, as well as clones and plasmids associated with their dissemination. 
 
Acquired β-lactamases conferring resistance to extended-spectrum β-lactams 
in clinical Enterobacteriaceae  
Multidrug-resistant (MDR) Enterobacteriaceae isolates are frequently reported in 
many African countries especially linked to the production of ESBLs, qAmpCs and/or 
carbapenemases both in hospital and community settings, although their prevalence has 
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been shown to vary between countries (8–10). They have been identified in all regions of 
Africa, though most existing reports and especially detailed molecular data are from North 
African countries, particularly Central Maghreb (Tunisia, Algeria, Morocco) (8,9,13–15). 
Below, we present a brief overview on the current epidemiology of Enterobacteriaceae 
producing main acquired β-lactamases in Africa.  
 
(i) Extended-spectrum β-lactamases (ESBLs)  
ESBLs constitute the most frequent mechanism of resistance to extended-spectrum 
β-lactams (16). They have the ability to confer bacterial resistance to all β-lactams except 
carbapenems and cephamycins, and are inhibited by β-lactamase inhibitors such as 
clavulanic acid (17). The occurrence of ESBL-producing Enterobacteriaceae seems to be 
low in most Central, Eastern and Southern African countries, compared to countries from 
North and Western Africa (Figure 1). However, the low occurrence rates reported for those 
regions could result from the absence of routine culture and antibiotic susceptibility testing 
in hospital and community settings (18). The diversity of particular ESBLs also varies 
between countries, although CTX-M-15 is the most frequently reported among 
Enterobacteriaceae causing human infections. Other ESBLs are prevalent in specific 
geographic regions such as CTX-M-3 in Algeria, CTX-M-14 in Kenya, SHV-12 in Tunisia and 
SHV-28 in Senegal (Figure 1), sometimes associated with focal outbreaks. Furthermore, a 
shift in the distribution of ESBL-types, with a recent increase of CTX-M-15 over SHV or 
TEM was also reported in some countries. 
 
North Africa 
In Algeria, CTX-M-15 and in a lesser extent CTX-M-3 are widely distributed among 
diverse Enterobacteriaceae species in different hospitals (15,19–31). This situation is 
comparable to that reported in Eastern European countries and China (3,5). Interestingly, 
the rate of ESBL-producing Enterobacter cloacae (CTX-M-15, CTX-M-3) has increased 
throughout time: 2.3% in 2004 (19), 17.7% in 2007 (22), 47% in 2009 (29), and 67% in 2013 
(28). Clonal outbreaks caused by CTX-M-3-producing Salmonella enterica serotype 
Senftenberg and CTX-M-15-producing Enterobacteriaceae (Escherichia coli, Klebsiella 
pneumoniae, Serratia marcescens, S. enterica) were described in the same or different 
wards at Algerian hospitals (15,24,25,27,28). In 1998, S. Senftenberg producing CTX-M-3 
and ArmA 16S RNA methylase (conferring resistance to aminoglycosides) was described for 
the first time in one Algerian hospital (26). Latter (2011-2013), in the same hospital, an 
outbreak or a suspected outbreak associated with CTX-M-15 and ArmA was described in a 
different Salmonella serovar (Infantis) and in S. marcescens (27,31). The authors 
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hypothesize that CTX-M-3 gene might probably had evolved into a CTX-M-15 variant (27), 
however de novo acquisition of CTX-M-15 could not be discarded.  
In Egypt, different ESBL-types have been identified as the most dominant, depending 
on the species. Overall, CTX-M-15 was the most frequently reported ESBL among E. 
coli recovered from hospital and community infections or K. pneumoniae from nosocomial 
infections (32–35). However, other ESBL were also frequent in particular species (SHV-2a, 
SHV-5 or SHV-12 among K. pneumoniae and CTX-M-1, CTX-M-9 or both among E. coli) 
(34,36,37).  
The prevalence of ESBL producers in Morocco was variable according to the 
population analyzed, with a predominance of CTX-M-15-producing E. coli or K. 
pneumoniae causing community-acquired urinary tract infections (UTIs) (38–40). Two 
studies performed during 2004-2007 and 2004-2009, showed a prevalence of 1.3% of 
ESBL-producing E. coli (38,40). This prevalence is similar to that reported in France in 
2006 (1.1%), a country with close commercial and cultural relations with Morocco (41,42). 
However, in 2010 the prevalence of ESBL-producing K. pneumoniae in Morocco rose to 
7.5% (39). Interestingly, CTX-M-28 and SHV-12 were the most common ESBL detected 
among a collection of qnr positive Enterobacteriaceae (43,44).  
Regarding Tunisia, the current population of ESBL-producing Enterobacteriaceae 
causing hospital or community-acquired infections produces in most cases CTX-M-15 (45–
50). In fact, a temporal shift in the distribution of ESBL-types among K. pneumoniae was 
observed in different Tunisian hospitals, with a dramatic increase of CTX-M-15 enzyme over 
SHV-12 after 2003 (45,48,51), a scenario similar to that reported in Europe (5). Nosocomial 
outbreaks involving SHV-2-producing S. enterica serotype Wien (Sfax Hospital in 1998), 
TEM-4-producing S. enterica serotype Mbandaka (University Hospital in Tunis from 1995 
to 1999), CTX-M-27-producing S. enterica serotype Livingstone (Farhat Hached Hospital 
in 2002) have also been reported (52–54).  
 
West Africa 
Available epidemiological data from West Africa are mainly from Ghana, Nigeria and 
Senegal. In Ghana, ESBL-producing E. coli isolates were more identified among 
hospitalized patients (69%) than in outpatients (31%) (55). CTX-M-15 was the dominant 
ESBL, mainly identified in E. coli from hospitalized patients and K. pneumoniae from 
community-acquired infections and nosocomial origin (18,56).  
In Nigeria, most of the studies did not characterize the ESBL-type, but similar ESBL 
occurrences were reported in different hospital institutions (23.6%-30% among E. coli and 
K. pneumoniae and 20% among E. cloacae) (57–59). CTX-M-15 was the most prevalent 
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ESBL detected among Gram-negative enteric isolates (mostly E. coli) recovered from 
different hospitals (60–63).  
In Senegal, a longitudinal study (1999-2009) analyzing the prevalence and diversity 
of ESBLs among clinical S. enterica isolates reported an ESBL prevalence of 0.6% (12). 
SHV-ESBLs (SHV-2 and SHV-12) were detected in different S. enterica (Miami and Agona 
and Keurmassar serotypes, respectively) in 1990 and early 2000s, while CTX-M-15 was 
reported since mid-2000s among different S. enterica serotypes (Kentucky, Havana, 
Telelkebir, Grumpensis, Typhimurium, Carmel) (12). In 2011, a nosocomial outbreak 
caused by CTX-M-109-producing S. enterica serovar Grumpensis was reported in Dakar, 
however the source of the infection was never established (64). Diverse Enterobacteriaceae 
species other than Salmonella spp. (E. coli, K. pneumoniae, Enterobacter spp., Morganella 
morganii) producing CTX-M-15 or co-producing CTX-M-15 and SHV-28 have been 
identified causing hospital-acquired infections since 2008 (65–67).  
 
Central Africa 
Few studies have analyzed the occurrence and diversity of ESBLs in isolates recovered 
from clinical institutions in Central Africa. SHV (mostly SHV-12) was the dominant ESBL 
among hospitalized patients from Cameroon (at least until 2000s) (68), with CTX-M-15 
being reported afterwards (2005) among E. coli and K. pneumoniae isolates recovered from 
patients with UTI acquired during hospitalization (68). In Central African Republic, a 
significant increase in the proportion of ESBL-producers in UTIs was noteworthy: 3.7% in 
2004, 8.9% in 2005 and 19.3% in 2006 (69). 
 
East Africa 
In Kenya, during a 18-year period (1992-2010), CTX-M-15 and CTX-M-14 were the 
dominant ESBLs among E. coli isolates recovered from inpatients and outpatients, while 
other CTX-M and ESBL-types (SHV and TEM) were detected less frequently (Figure 1) 
(70,71). 
In Tanzania, CTX-M-15 is widely distributed (72–76), and epidemic strains of K. 
pneumoniae, E. coli and Enterobacter spp. have emerged (74–76).  
In Madagascar, 9.7% of Enterobacteriaceae involved in community-acquired UTIs 
between 2004 and 2006 were ESBL producers (77). A further study encompassing clinical 
Enterobacteriaceae isolates from patients at surgery and intensive care units (2006-2008) 
reported a rate of ESBL producers of 21.3% (78). More recently (2012-2013), 44% of 
Enterobacteriaceae isolates recovered from neonatal units from two hospitals were ESBL 
producers (CTX-M-15-producing E. cloacae or K. pneumoniae) (79). 
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In Malawi, only data from Enterobacteriaceae involved in bacteremia is available: 
<1% of ESBL producers, with CTX-M-15, TEM-63, SHV-12 and SHV-27 being identified 
(80). 
	
South Africa 
A shift in the diversity of ESBLs has occurred in South Africa. Until 2003, SHV-like 
and TEM-like were the most commonly reported ESBLs, mainly in Salmonella spp. and K. 
pneumoniae (81–83). After 2003, CTX-M enzymes have been identified (Figure 1), mainly 
CTX-M-15 and CTX-M-14 in E. coli and Shigella spp. recovered from different hospitals 
(84–86). 
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It is important to highlight that co-production of different ESBLs is increasingly 
reported in African countries. In fact, Enterobacteriaceae isolates expressing ESBLs, 
namely different CTX-M enzymes (CTX-M-15 and CTX-M-14; CTX-M-1 and CTX-M-9), 
CTX-M and SHV (CTX-M-15 and SHV-2a, SHV-12 or SHV-28), CTX-M and TEM (CTX-M-
15 and TEM-3, TEM-24 or TEM-63; CTX-M-37 and TEM-63), TEM and SHV (TEM-4 and 
SHV-2a) or ESBL and carbapenemases (CTX-M-14 and VIM-4; CTX-M-15 and NDM-1 and 
SHV-5; CTX-M-15 and OXA-48, IMP-1 or NDM-1; SHV-28 and OXA-48; SHV-12 and IMP-
1) have been linked to community and hospital-acquired infections (33–
35,39,44,48,53,66,67,81,93–99).  
 
(ii) Acquired AmpC β-lactamases (qAmpCs) 
Acquired AmpC β-lactamases constitute a large group of Ambler class C enzymes, 
within which seven classes have been recognized (CMY, DHA, ACC, FOX, MIR, ACT and 
MOX). With the exception of ACC-1, they can hydrolyze efficiently penicillins and oxyimino-
cephalosporins (including cephamycins) and are not inhibited by clavulanic acid (100). The 
qAmpC enzymes have been identified throughout the world, but their occurrence is thought 
to be much lower than that reported for ESBLs, although it might be underestimated due to 
difficulties in their detection (e.g. differentiation regarding ESBL production) and/or 
because they are not systematically sought (100,101). CMY-2 is the most frequently 
encountered variant with the broadest geographic distribution, being an important cause of 
β-lactam resistance especially among Salmonella (particularly in North America) and E. 
coli (3,100,102,103). DHA-1 is the second most prevalent qAmpC reported, more frequently 
in K. pneumoniae in Asia but also increasingly implicated in outbreaks in different 
European countries (104–107). Other qAmpCs were occasionally reported in nosocomial 
outbreaks (e.g. ACC-1 in France and Ireland; FOX-7 or CMY-16 in Italy) (108–112).  
The first qAmpC reported in Africa was CMY-4, described in a Tunisian clinical isolate 
of P. mirabilis (1996), eight years later from the first qAmpC report described in the USA 
(MIR-1 in a K. pneumoniae clinical isolate in 1998) (114,115). Taking into account the few 
studies conducted in Africa (mostly from North Africa), these acquired β-lactamases were 
mostly reported since the beginning of 2000s. Moreover, the overall occurrence of qAmpCs 
seems to be low, although their occurrence might also be underestimated as previously 
mentioned. Figure 2 illustrates the distribution of different qAmpC-types in African 
countries. CMY-2 and DHA-1, the most common variants detected in different African 
countries (Figure 2), have been identified in several Enterobacteriaceae species (E. coli, K. 
pneumoniae, E. cloacae, M. morganii, Providencia stuartii, P. mirabilis, S. marcescens, 
Salmonella spp., Shigella spp., Citrobacter freundii) from hospitals and community clinical 
settings  (39,43,81,85,92,93,115–117), ACC-1 and CMY-4 were linked to nosocomial 
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outbreaks (as detailed further below), while ACT was sporadically reported and FOX, MIR 
and MOX enzymes were not detected (Figure 2).  
 
North Africa 
Analyzing the epidemiological situation in more detail in different regions of Africa, 
it is noticed that in North Africa the dominant qAmpC-type varies according with the 
country, the source of isolation, the sample studied (e.g. isolates resistant to extended-
spectrum β-lactams and fluoroquinolones or ESBL producers) and/or the bacterial species. 
Overall, CMY-2 (Algeria) or other CMY variants (Algeria, Egypt, Tunisia), DHA-1 
(Morocco, Tunisia), and ACC (Tunisia) are the qAmpC-types most frequently identified 
(Figure 2). CMY-2 was the most prevalent qAmpC reported among Enterobacteriaceae 
between 2003 and 2007 in different Algerian hospitals (115,116). Additionally, CMY-4 was 
reported as the dominant qAmpC among K. pneumoniae and E. coli recovered from 
different Algerian clinical settings between 2005 and 2006 (118), being also associated with 
K. pneumoniae and P. stuartii clonal outbreaks (2006, 2011) (119,120), whereas in Tunisian 
hospitals it was only sporadically reported (114,121,122).  
One of the first reports of ACC-1 in Europe (France in 1998) was associated with a 
K. pneumoniae outbreak following the admission of a patient transferred from Tunisia 
(123). Further investigations showed that ACC-1 is probably widespread in Tunisian 
hospitals, being identified in different Enterobacteriaceae species (K. pneumoniae, P. 
mirabilis, and S. enterica serotype Livingstone and serotype Mbandaka) (53,124), and 
linked to a large nosocomial outbreak caused by S. Livingstone between 1999 and 2003 
(125).  
In Egypt, CMY-2-like were the most common qAmpC types in Enterobacteriaceae 
from hospitalized patients (September 2011 to October 2012) (126), while in Morocco DHA-
1 was commonly detected among SHV-12- or SHV-28-producing E. cloacae, E. coli or K. 
pneumoniae identified among hospitalized patients (43) or ACT-2 sporadically detected 
among community acquired infections (39).  
 
West Africa 
Studies performed in Niger, Nigeria and Senegal, reported variable qAmpCs among 
different Enterobacteriaceae species associated with hospital or community-acquired 
infections: CMY-2 (E. coli, C. freundii), CMY-30 (E. coli), DHA-1 (P. mirabilis, K. 
pneumoniae, M. morganii), and ACT-1 (K. pneumoniae and E. coli) (60,66,98,127) (Figure 
2).  
 
East and South Africa 
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In Kenya (East Africa) and South Africa (South Africa), CMY-2 or CMY-2-like were 
the dominant qAmpCs identified in E. coli from community-acquired UTIs (2004-2005) 
(71), different S. enterica serotypes (Typhimurium, Schwarzengrund, Kissi, Isangi) in 
hospitalized patients (2001-2003) (81,83), or ESBL-producing Shigella spp. from 2003-
2009 (85). In addition, CMY-20 was identified for the first time in South Africa among 
clinical E. coli isolates (128).  
 
 
Figure 2. Geographical distribution of different qAmpC-types among Enterobacteriaceae 
from Africa (8,53,66,71,83,92,93,114,116,118,120–122,125–130) 
 
(iii) Carbapenemases 
The most widespread carbapenemases among Enterobacteriaceae are the KPC 
enzymes (class A), the metallo-β-lactamases (class B)] represented mostly by VIM, IMP and 
NDM types, and finally OXA-48-like enzymes (class D) (131,132).  Carbapenemases 
enzymes represent the most versatile family of β-lactamases, with a variable hydrolysis 
spectrum that most often affects almost all extended-spectrum β-lactams (4). They have 
quickly spread worldwide after first description and are variably endemic in different 
geographic areas or countries: KPC in northeastern United States, Latin American 
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(Argentina, Brazil, Puerto Rico, Colombia), European (Greece, Italy), and Asian countries 
(Israel, China); VIM in Greece; IMP in Japan and Taiwan; NDM-1 in the Indian 
subcontinent, Balkans and the Gulf region; and OXA-48 type in some Mediterranean 
(Morocco, Tunisia) European (Spain, Belgium) and Asian countries (Turkey, India) 
(1,4,11,132–135).  
Overall, the occurrence of acquired carbapenemases among Enterobacteriaceae is 
still low in Africa (with the exception of North Africa), with most studies reporting these β-
lactamases after 2010s, as observed in European countries (136). However, there is a lack 
of information concerning detailed molecular data of carbapenemase-producing bacteria, 
since antibiotic susceptibility testing for diagnostic purposes and active surveillance in most 
African countries are absent or deficient (11). Nevertheless, from the current available 
reports, OXA-48-producing Enterobacteriaceae are endemic in North African countries, 
namely in Morocco and Tunisia (Figure 3), being identified mostly from K. pneumoniae and 
E. coli isolates collected from both hospital and community settings. NDM (mostly 
identified in K. pneumoniae) or VIM variants were reported in all but one African region 
(Central Africa), while KPC has been sporadically reported and other carbapenemases were 
confined to particular countries (Figure 3). Figure 3 illustrates the distribution of the 
different carbapenemases all over Africa. Interestingly, several European studies reported 
carbapenemase-producing Enterobacteriaceae from patients transferred from African 
countries as further detailed, underscoring the importance of an early warning system and 
active surveillance including colonization screening upon admission of patients transferred 
across borders and/or healthcare systems (137). 
 
North Africa 
In Algeria, carbapenemases have been sporadically reported in different 
Enterobacteriaceae associated with hospital infections: KPC-3 in K. pneumoniae (2013); 
VIM-19 in E. coli, K. pneumoniae and P. stuartii (2008), and OXA-48 in E. coli and K. 
pneumoniae (2012, 2014) (138–141). Interestingly, NDM-5-producing E. coli were isolated 
from three Algerian patients in 2014, three years later from the first description of this NDM 
variant (142). 
KPC-producing K. pneumoniae isolated from hospitalized patients were first reported 
in Egypt in 2011 (143). VIM-1 was identified in different Enterobacteriaceae species (E. coli, 
K. pneumoniae and P. stuartii), whereas VIM-4 or VIM-29 were detected in E. cloacae or 
E. coli (respectively) recovered from hospitalized patients (35,94,144). NDM-1 was first 
identified in 2013 in one K. pneumoniae isolate, and subsequently in other 
Enterobacteriaceae (145), whereas NDM-5 was identified in E. coli from two different 
hospitals, with one case showing a patient with no history of travel beyond the Egyptian 
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border (145,146), which might suggest a local emergence of this NDM-5. OXA-48, OXA-161 
and OXA-163 have been sporadically detected in K. pneumoniae or E. coli (10,147,148). 
In Libya, two studies reported OXA-48 as the unique carbapenemase described so far 
in K. pneumoniae isolates (10,149). Interestingly, many studies reported OXA-48-
producing K. pneumoniae from patients transferred from Libya to European countries (e.g. 
Denmark, Italy, Slovenia) (137,150,151). 
In Morocco, VIM-1 was described in a K. pneumoniae which additionally co-produced 
two other carbapenemases (NDM-1 and OXA-48) (152). IMP-1 was reported in a K. 
pneumoniae isolate co-producing CTX-M-15 and E. cloacae co-producing additionally 
CTX-M-15 and CMY-2 or SHV-12 and DHA-1, associated with a community-acquired 
infection (153). NDM-1 was reported in K. pneumoniae isolates producing additionally 
CTX-M-15 and SHV-5 (95). OXA-48-producing Enterobacteriaceae are endemic in 
Morocco and Tunisia, being described in hospital and community settings (4,10,134). In 
France, blaOXA-48-positive E. cloacae isolates were recovered from patients who had been 
previously hospitalized in Morocco (154). OXA-204 (a point mutant analog of OXA-48) and 
NDM-1 were sporadically reported in Tunisian hospitals (155–157) and VIM-4 was linked 
to a hospital clonal outbreak by K. pneumoniae co-producing CTX-M-15 and CMY-4 (120).  
 
West and Central Africa 
In 2011, several carbapenemases (NDM, GES, VIM) were identified mostly in K. 
pneumoniae from four tertiary hospitals in Nigeria (158), while in Senegal, OXA-48 was the 
unique carbapenemase reported in different Enterobacteriaceae species (mostly K. 
pneumoniae) causing community- or hospital-acquired infections (66). In Sierra Leone 
(2010-2011), DIM-1 was detected among Enterobacter spp. and E. coli, and VIM in different 
Enterobacteriaceae species (159). Surprisingly, the draft genome sequence of one E. 
cloacae isolate revealed that this strain harbored a complete blaOXA-58 open reading frame 
surrounded by flanking sequences that were 100% identical to ISAba3, found in a number 
of Acinetobacter plasmids (159). To date, this enzyme was exclusively found in 
Acinetobacter species (160).  
Regarding Central Africa, there are no studies analyzing the occurrence and diversity 
of carbapenemases. Nevertheless, from a rectal swab specimen collected from a patient 
transferred from Cameroon to France, two E. coli isolates were found to co-produce NDM-
4 and CTX-M-15 or NDM-1 (161), which might indicate that NDM carbapenemases in Africa 
are probably underscored. 
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East Africa 
The prevalence of Enterobacteriaceae producing carbapenemases reported at tertiary 
hospital in Tanzania between 2007 and 2012 was 42%, with several types of 
carbapenemases being detected (162). IMP enzymes were predominant (19%; mostly in E. 
coli), followed by VIM (11%; mainly in K. pneumoniae), OXA-48 (5%), KPC (4%) and NDM 
(3%). Interestingly, a recent study conducted at one hospital in Uganda (2013-2014), also 
revealed a high prevalence (28.6%) and diversity of carbapenemase-producing 
Enterobacteriaceae (mostly K. pneumoniae and E. coli) (163). However, in this study the 
most prevalent gene was blaVIM (10.7%), followed by blaOXA-48 (9.7%), blaIMP (6.1%), blaKPC 
(5.1%) and blaNDM-1 (2.6%). In Ethiopia, carbapenemase producers were identified (E. 
coli, K. pneumoniae, E. aerogenes) in hospitalized patients, however determination of the 
allelic variant was not performed (164). NDM-1 was reported among clonally related K. 
pneumoniae collected between 2007 and 2009 at one hospital in Kenya, prior to the first 
known identification of an NDM-1 producer (2008) from a Swedish patient previously 
hospitalized in India (165,166). Interestingly, similar pulsed-field gel electrophoresis 
(PFGE) patterns were observed among NDM-1-producing K. pneumoniae reported from 
Kenya, and the first cases of NDM-1-producing K. pneumoniae isolates identified in Sweden 
(Europe) and Sultanate of Oman (Asia), for which a connection with India was established, 
which might indicate that the introduction of NDM-1-producing K. pneumoniae in the 
Kenyan population could be linked to the Indian subcontinent (166). 
 
South Africa 
In 2011, KPC-2-producing K. pneumoniae or E. cloacae were identified in two 
different hospitals (167), and VIM-1-producing K. pneumoniae was isolated from a patient 
without recent travel outside South Africa (168). The first report of NDM-1 in South Africa 
occurred in 2011 identified in one nosocomial E. cloacae isolate. One year later, a direct 
epidemiological link between NDM endemic areas was established, NDM-1-producing E. 
cloacae was reported from a patient who had been previously hospitalized in India 
(169,170). OXA-48 or OXA-181 (the second most common OXA-48 derivative) have been 
identified in nosocomial Enterobacteriaceae isolates (K. pneumoniae, S. marcescens or K. 
pneumoniae, respectively) (171). 
 
Chapter 1 – Introduction 
 
	 77	
 
Figure 3. Geographical distribution of different carbapenemase-types among 
Enterobacteriaceae from Africa (4,10,134,138,140–142,158,163,164,166,172–174). 
  
Mechanisms of dissemination of EAAC genes among clinical 
Enterobacteriaceae  
Detailed molecular epidemiology studies in the last decades have demonstrated that 
the successful dissemination (locally or in wide geographic areas) of the most widespread 
EAAC genes in Enterobacteriaceae is a result of the combination of the expansion of 
particular clones mainly from E. coli and K. pneumoniae and/or plasmid transfer between 
isolates from the same or different species (5,175,176). Outbreaks other than E. coli or K. 
pneumoniae isolates have also been described, but in most cases they seem to be of local 
significance (5). In addition, the identification of identical clones and/or plasmids in human 
infections and food-producing animals or healthy humans suggests a food-borne origin for 
particular antibiotic resistant genes and the potential role of direct or indirect transmission 
through the food chain, although there is no clear evidence (7,177,178). Though the majority 
of African studies did not address these points, a brief overview of the bacterial clonal and 
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plasmid structure involved in the dissemination of acquired β-lactamase genes in this 
geographic region is presented below.  
 
Clonal spread 
The dissemination of CTX-M-15 in different African countries seems to have mainly 
been driven by the pandemic B2-ST131 E. coli clone (21,32,46,56,62,75,98,179), as occurred 
in developed countries. In fact, this clone is currently spread worldwide among humans and 
also increasingly recovered from animals and the environment (5,7,180) linked mostly to 
the CTX-M-15 pandemic, but also with other ESBLs, qAmpCs (mostly CMY) or 
carbapenemases (5,181–186). CTX-M-15 has also been sporadically linked to ST405 E. coli 
clone from phylogenetic group D in Egypt, Tunisia, Tanzania, and Cameroon (35,47,75,161). 
This clone is also relatively frequent in other continents associated with the spread of CTX-
M enzymes, qAmpCs, carbapenemases (NDM, OXA-48) and/or methylases (ArmA, RmtB) 
enzymes among different hosts (187–192).  
Other E. coli clones identified among isolates producing carbapenemases, ESBLs 
and/or qAmpCs in Africa were ST23 (VIM-1 and SHV-12), ST38 (OXA-48 and CTX-M-14 
and SHV-12), ST101 (VIM-1, OXA-48 and VIM-29 and CMY-2), ST617 (OXA-48), ST648 
(OXA-48), ST2659 (NDM-5 and CTX-M-15), and ST5018 (NDM-5 and CMY-42) 
(35,142,144,146,156,161).  
Regarding K. pneumoniae isolates, the ST101 clone was one of the most predominant 
in different geographic contexts and linked to diverse acquired β-lactamases (CTX-M-15, 
OXA-48, OXA-181, OXA-204, NDM-1, KPC-2) in hospital or clinical community settings 
(45,48,99,155,156,193–196), highlighting its potential for the acquisition of different 
platforms. Moreover, this clone has been involved in cases of importation of OXA-48 and/or 
CTX-M-15 to Poland or Libya after patient hospitalization in Tunisia (149–151,197). ST101 
with blaVIM-1 and blaCTX-M-15 has also been identified in Egypt (144).  
The worldwide spread ST11-K. pneumoniae seems also to be dispersed in Africa, 
where it has been linked to the production of OXA-48, co-production of NDM-1 and CTX-
M-15 or NDM-1 and OXA-48 in Egypt and Tunisia (144,147,157). This clone is also 
extensively distributed in different continents linked to the production of diverse ESBLs 
(mainly CTX-M) or carbapenemases (KPC, OXA-48, NDM, VIM) (4,187,198–200). Other 
widespread or emergent K. pneumoniae clones linked to the production of acquired β-
lactamases in Africa were: ST14 (OXA-48, NDM-1 and CTX-M-15) in Kenya and Egypt 
(144,166), ST15 (NDM-1 and/or CTX-M-15) in Algeria and Morocco (21,95) and ST147 
(OXA-48 and CTX-M-15, OXA-204 and CMY-4) in Libya and Tunisia (134,149,150,155). All 
of them are known to be frequent K. pneumoniae lineages increasingly involved in 
nosocomial infections in many other geographic regions (198,200).  This, the globalization 
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of humans, trade and food might have played an essential role in the emergence of 
carbapenemase-producers in Africa, but these genetic backgrounds seem to be crucial to 
provide stable platforms for the maintenance and dissemination of these antibiotic 
resistance genes (176,201,202). 
 In Tunisia, K. pneumoniae isolates co-producing VIM-4, CTX-M-15, and CMY-4 were 
genetically identical but were different from VIM-1 producers responsible for the Greece 
outbreak. Furthermore, blaVIM-1 has been identified among K. pneumoniae ST17, ST101, and 
ST569 strains from Egypt and South Africa (144,168). 
The majority of African studies reporting Enterobacteriaceae producing qAmpCs or 
class A, DIM or IMP carbapenemases did not provide data on the bacterial population 
structure (143,153,158,162,167).  
  	
Horizontal gene transfer 
It is known the involvement of particular plasmid types assigned to IncFII, IncI1, HI2, 
IncP, IncN, IncL, IncM and IncA/C plasmid incompatibility groups in the spread of specific 
ESBLs, qAmpC or carbapenemases among different Enterobacteriaceae species and/or 
niches worldwide (5,187,203–205), although the situation in developing countries is 
underestimated.  
Besides clonal spread, plasmid transfer seems to have also influenced the 
dissemination of carbapenemases in Africa. In Africa, the predominant plasmid carrying 
blaCTX-M-15 in E. coli belongs to the IncF group (mostly in E. coli) (Ghana, Kenya, Morocco, 
Niger, Tanzania, Tunisia) (45,48,56,75,98,166,179,206), also the most reported in clinical 
settings worldwide (5). However, other plasmids have also been linked to the dissemination 
of blaCTX-M-15, such as IncFIIK in K. pneumoniae (Ghana, Tunisia) (48,56), and IncFIIAs 
(mostly K. pneumoniae and E. coli) (Tunisia) (179), and more rarely IncL/M (probably the 
currently designated IncL group) (Algeria, Tunisia), IncFIC (Tunisia), IncK (Tunisia), 
IncHI1 (Tunisia) and untypeable plasmids (Tunisia, Tanzania) (45,48,76,115,179).  
 One study performed in Tunisia reported K. pneumoniae carrying blaSHV-12 in 60–180 
kb untypeable plasmids, and more rarely in IncHI2, while SHV-2a was carried by different 
Inc groups (IncFII, IncL/M) (45). Plasmids assigned to the IncL/M group carrying blaCTX-
M-3/-15 and armA genes were reported in S. enterica serotypes Infantis or Senftenberg or S. 
marcescens in Algeria (26,27,31), whereas blaCTX-M15/-27 and blaSHV-12 were located in 65 kb 
IncL/M, 80 kb IncFII, and untypeable plasmids  in K. pneumoniae isolates recovered from 
the same Tunisian clinical institution (45). IncA/C plasmids carrying blaCTX-M-15 and blaTEM-
52 were reported in E. coli isolates recovered from Tunisia (207). 
Plasmids carrying qAmpC genes were only characterized in North African countries 
(Algeria, Tunisia). The majority of the blaCMY-2/CMY-4–carrying plasmids identified in diverse 
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Enterobacteriaceae species in Algeria belonged mostly to the IncA/C2 group, followed by 
IncI1. Plasmids carrying blaDHA-1 or both blaDHA-1 and blaTEM-24 genes were identified as 
IncA/C among E. cloacae (Algeria) (115,117,118). The clonal outbreak of ACC-1-producing 
S. enterica serotype Livingstone reported in Tunisia might also involve plasmid 
dissemination, since blaACC-1 was located on 100-kb IncFI plasmid in three representative 
isolates (125). 
 The blaNDM-1 identified only in K. pneumoniae isolates from different African countries 
(Egypt, Kenya, Morocco, Nigeria, Tunisia) was associated with several Inc groups (A/C, N, 
L/M, H, R) and untypeable plasmids (96,157,158,166,174). Some of these plasmids also 
harbored blaCTX-M-15, rmtC or rmtF methylase genes (96,158,166,174). Other NDM variants 
where reported in E. coli from Cameroon and Egypt, linked to IncFIA (120 kb; blaNDM-4 and 
blaCTX-M-15) or IncI1 (> 93 kb; blaNDM-5, blaCTX-M-15 and blaCMY-42), respectively (146,161).  In 
contrast, plasmids carrying the blaOXA-48 gene were mostly characterized among clinical K. 
pneumoniae from North Africa (Egypt, Libya, Tunisia), and belonged to the IncL/M 
(currently recognized as IncL), as observed by others (4,134,135,144,149,151,157,204). 
IncL/M plasmids identified among K. pneumoniae from Libya (2011) contain blaOXA-48 and 
blaCTX-M-15 (149), an association that was also described in European countries (France, 
Spain) (208–210). The blaVIM-19 gene was identified in 160-180 kb plasmids, and located 
inside a class 1 integron in diverse Enterobacteriaceae species collected from two Algerian 
hospitals (139,211), while blaVIM-1 was identified within an IncFII plasmid in one K. 
pneumoniae from South Africa (168). blaVIM-4 and blaCTX-M-14 were carried on the same 300 
kb plasmid in two E. cloacae complex isolates from Egypt (94). 
 
EAAC from non-clinical sources (humans, animals, environment) 
There are a growing number of studies reporting acquired β-lactamases among non-
clinical settings in developed countries (7,178,212–215). However, they are not yet 
systematically sought in Enterobacteriaceae from non-clinical sources, and especially from 
African countries.  
Recently (2015), Ribeiro and colleagues investigated the distribution and molecular 
epidemiology of EAAC in Enterobacteriaceae from non-clinical niches in Angola, an under 
researched sub-Saharan country (190). An unexpected high occurrence of CTX-M-15 in 
diverse non-clinical niches (healthy humans, animals and aquatic environments) and 
Enterobacteriaceae species (mostly E. coli) was reported, whereas qAmpCs or 
carbapenemases were not detected. The variability observed in blaCTX-M-15 genetic 
environments, genetic locations and clones suggests an extraordinary ability for acquisition 
and mobilization of this gene by multiple genetic backgrounds (190). Interestingly, CTX-M-
15 was the most common ESBL in diverse Enterobacteriaceae species (mostly E. coli) from 
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non-clinical sources (healthy humans and animals, environment) recovered from Sub-
Saharan Africa (comprises all African regions with exception of North Africa), and was also 
the most prevalent among environmental samples from Tunisia and Algeria (190). This is 
surprising, since in most developed countries CTX-M-15-producing E. coli only recently has 
been reported among non-clinical sources (mostly aquatic environments and healthy 
humans) (216–218). In Tunisia, blaCTX-M-1 is widely disseminated among clonally unrelated 
E. coli recovered from healthy humans, livestock and pet animals and food, being also the 
major ESBL-type in food-producing animals in Europe (pigs, poultry and cattle) and also 
among companion animals (7,193). Although most of the African studies did not 
characterize the population structure of CTX-M-15 producers from non-clinical settings, we 
observed that the same clones associated with CTX-M-15 in African hospitals were detected 
in non-clinical sources (e.g. E. coli ST131, ST405, ST617; K. pneumoniae ST15) 
(21,46,47,179,190,219,220), suggesting the transmission of zoonotic pathogens to humans 
trough the food chain.  
Regarding qAmpCs, it is known that CMY-2 is the most prevalent mainly among E. 
coli and Salmonella spp. from non-clinical sources in Europe, Asia and North America, 
associated with IncI1 or IncA/C plasmids (7,203,213,214,221,222). Data from Africa are 
very scarce, with CMY-2 being identified among E. coli isolates recovered from chickens, 
companion animals (dog), and wastewaters in Tunisia and, similarly, associated with IncI1 
(220,223–225). However, in Angola (2013) no qAmpC was identified among 
Enterobacteriaceae isolates recovered from different ecological niches (healthy humans, 
animals and aquatic environments) (190). 
Reports of carbapenemase-producing Enterobacteriaceae from non-clinical niches in 
Africa were rare and came from the North African region. K. pneumoniae producing IMP 
and VIM were described in Tunisian rivers (226), while E. coli producing NDM-5 were 
identified among companion animals in Algeria and retail chicken meat in Egypt (33,227). 
OXA-48-producing E. coli have been described in companion animals in Algeria, and OXA-
48-producing S. marcescens in water puddles from Morocco (227,228).  
The wide distribution of ESBLs, qAmpCs and carbapenemases in different 
compartments in Africa highlights the existence of possible reservoirs in different ecological 
niches in this continent, and eventually a dynamic genetic exchange between them through 
the food chain that might also play a role in the global epidemiology of antibiotic resistance.  
 
Conclusions 
Enterobacteriaceae resistant to extended-spectrum β-lactams have been reported all 
over Africa, with a great variability in the occurrence, diversity and geographical 
distribution the different acquired beta-lactamases. Overall, most of African data are biased 
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towards North African countries, which probably for this reason show the highest 
occurrence and diversity of acquired β-lactamases both in clinical and non-clinical settings. 
Furthermore, it is remarkable the description of such a diversity of acquired β-lactamases 
both in clinical and non-clinical settings in Africa, where sociocultural conditions might 
exacerbate this situation and demand an urgent need of quick and accessible methodologies 
to detect these antibiotic resistance mechanisms. Also, the description of clones and/or 
MDR plasmids encoding acquired β-lactamases in Africa similar to those responsible for the 
dissemination of these enzymes worldwide highlights the role of international travel, 
tourism and trade in the emergence and spread of these antibiotic resistant determinants. 
Indeed, infection or colonization by Enterobacteriaceae producing acquired β-lactamases 
in countries outside Africa have been associated with patients transfer or previously 
hospitalization on African epidemic areas.  
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Improvements on Citrobacter species differentiation, a key 
factor for understanding their clinical significance and the 
diversification of intrinsic antibiotic resistance genes
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Abstract 
The aim of this review is to provide a comprehensive update on the classification 
and identification of Citrobacter species. Citrobacter spp. include Gram-negative rod-
shaped bacteria that are oxidase-negative, non-spore-forming, and facultative anaerobic. 
They have been isolated from a wide range of habitats, including clinical settings associated 
with several human infections. However, Citrobacter strains are often misidentified, mainly 
due to difficulties on the characterization and classification of Citrobacter species, and 
hence their prevalence and clinical significance might be underestimated. Several methods 
have been investigated for differentiation of Citrobacter spp. species, but just recently 
partial DNA sequencing of a single gene (recN) and analysis by matrix-assisted laser 
desorption ionization-time of flight mass spectrometry have been proposed as simple 
methods for reliable discrimination within Citrobacter species. Accurate identification of 
etiological agents of human infections is essential for prevention and control of infectious 
diseases, as well as the knowledge of features of some intrinsic antibiotic resistance, which 
have been mobilized to non-natural hosts and are currently compromising the therapy of 
infectious diseases.  
 
Keywords: Identification, phylogeny, clinical significance, qnrB, ampC 
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Introduction 
Members of the genus Citrobacter (Kingdom Bacteria; Phylum Proteobacteria; Class 
Gammaproteobacteria; Order Enterobacteriales; Family Enterobacteriaceae) include 
rod-shaped Gram-negative, oxidase-negative, facultative anaerobic and non-spore-forming 
bacteria, which are phenotypically and genotypically heterogeneous (1,2). This genus was 
discovered by Werkmann and Gillen in 1932 (1), and currently comprises twelve species 
recognized by the International Committee on Systematic Bacteriology: Citrobacter 
freundii, Citrobacter amalonaticus, Citrobacter braakii, Citrobacter farmeri, Citrobacter 
gillenii, Citrobacter koseri (formerly Citrobacter diversus), Citrobacter murliniae, 
Citrobacter pasteurii, Citrobacter rodentium, Citrobacter sedlakii, Citrobacter youngae, 
and Citrobacter werkmanii (2–4).  
Citrobacter spp. include ubiquitous bacteria that could be found in different 
environments. They are considered inhabitants of human and other animal guts and can be 
found in sewage, water, soil, and food, although they also constitute important agents of 
opportunistic infections in humans (2,4,5). In fact, Citrobacter spp. commonly take 
advantage of immunocompromised hosts, colonizing and causing a variety of opportunistic 
infections, including urinary tract infections (mostly), wound infections, pneumonia, 
septicemia, meningitis, endocarditis, skin and soft tissue infections, intra-abdominal 
infections and surgical site infections (4,6–11). The Citrobacter species most commonly 
associated with human infections are C. koseri and C. freundii, although C. youngae, C. 
braakii and C. amalonaticus were also reported (9,12–15). No statistically significant 
association between the site of infection and particular Citrobacter species was observed, 
however recent studies showed that neonatal central nervous system infection (including 
meningitis and brain abscesses) was attributed to C. koseri (11,16). 
Accurate identification of etiological agents of human infections is essential for 
pathogenicity features and reservoirs assignments and to depict transmission routes of 
particular species, essential keys for infection diseases prevention and control measures. 
The clinical relevance of Citrobacter spp. imposes an accurate identification at species level. 
However, Citrobacter species are still difficult to identify and discriminate by conventional 
methods, and for this reason its prevalence and clinical significance for humans might be 
even higher than it is currently known (15,17). Moreover, intrinsic antibiotic resistance 
features are commonly species specific in different genus (e.g. Acinetobacter spp.) (18) and 
their knowledge would be important to guide therapy and to develop new antibiotics 
targeting relevant species. 
In this review, it will be provide an updated overview on the main features and recent 
methodologies used for Citrobacter species discrimination, as well as their impact on 
reclassification and recognition of new species within this genus. Moreover, intrinsic genes 
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conferring resistance to extended-spectrum cephalosporins or reduced susceptibility to 
fluoroquinolones within Citrobacter spp. will be also addressed. 
 
Methodological approaches to discriminate Citrobacter spp. 
Several methodological approaches, since the conventional phenotypic tests (based 
on morphological, physiological and biochemical characteristics) to the recently and more 
sophisticated phenotyping systems [e.g. the Matrix-Assisted Laser Desorption/Ionization 
Time-of-Flight mass spectrometry (MALDI-TOF MS)] have been used along the years for 
microbial species definition, including within Citrobacter spp. (3,19). Nevertheless, huge 
achievements in the identification and discrimination of microorganisms occurred after the 
introduction of genotypic approaches in the 1960’s, including the DNA-DNA hybridization 
(DDH), phylogenetic analysis based on single or multilocus sequence analysis (MLSA) of 
housekeeping genes (16S rRNA gene mandatory), and data analysis [e.g. average nucleotide 
identity (ANI)] of whole genome sequence (WGS) (20,21). Currently, species are defined by 
both phenotypic and genotypic characteristics, and are represented by type strains 
deposited in two international culture collections (22). Relevant phenotypic or genotypic 
characteristics that can be used to discriminate Citrobacter species are further detailed. 
 
1. Biochemical characteristics 
In 1993, Brenner et al. (3) observed that Citrobacter species could be differentiated 
on the basis of a combination of several conventional biochemical and carbon source 
utilization tests. Nevertheless, problems in the identification based on the biochemical tests 
routinely used were early recognized, even with a small set of strains tested (23). The main 
differential biochemical characteristics of Citrobacter species are briefly summarized below 
(3,4). 
C. freundii: positive for citrate and negative for indole, arginine dihydrolase and 
ornithine decarboxylase; acid production from sucrose, melibiose and inositol, but not from 
dulcitol and salicin; ability to utilize m-coumarate, myo-inositol, lactulose, 1-O-CH3-α-
galactoside, sucrose, but not dulcitol as sole carbon sources. 
C. koseri: inability to grow in culture medium containing potassium cyanide; indole 
and citrate positive; ability to utilize malonate; acid production from D-adonitol, inositol, 
D-arabitol, α-methyl-D-glucoside. 
C. amalonaticus: indole, citrate and ornithine decarboxylase positive and positive or 
delayed positive for arginine dihydrolase; acid production from 3-O-CH3-D-glucose and 
protocatechuate but not from m-coumarate and 1-O-CH3-α-galactoside. 
C. farmeri: indole and citrate positive; produces arginine dihydrolase and ornithine 
decarboxylase; acid production from α-CH3-D-glucoside, melibiose, raffinose, sucrose, and 
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esculin; ability to utilize benzoate, 4-hydroxybenzoate, maltitol, D-melibiose, 1-O-CH3-α-
galactoside, palatinose, protocatechuate, D-raffinose, and sucrose, but not from m-
coumarate, dulcitol, and malonate as sole carbon sources. 
C. youngae: indole negative, delayed positive for citrate and arginine dihydrolase, and 
negative for ornithine decarboxylase; acid production from dulcitol but not from melibiose; 
ability to utilize dulcitol, 3-phenylpropionate, and L-sorbose but not gentisate, 3-
hydroxybenzoate, malonate, D-melibiose, 1-O-CH3-α-galactoside, 3-O-CH3-D-glucose, and 
tricarballylate as sole carbon sources. 
C. braakii: production of indole is variable; positive or delayed positive for citrate, 
arginine dihydrolase, and ornithine decarboxylase; acid production from melibiose but not 
from sucrose; ability to utilize m-coumarate, 1-O-CH3-α-galactoside, 3-phenylpropionate, 
and L-tyrosine (delayed) but not malonate and L-sorbose as sole carbon sources. 
C. werkmanii: negative for indole production and ornithine decarboxylase; positive 
for citrate, malonate and arginine dihydrolase; lack of acid production from dulcitol, 
melibiose, sucrose, and 5-ketogluconate; ability to utilize m-coumarate, D-lyxose, 
malonate, 3-phenylpropionate, L-sorbose, and D-tartrate but not dulcitol, 4-
hydroxybenzoate, D-melibiose, and 1-O-CH3-α-galactoside as sole carbon sources. 
C. sedlakii: positive for indole production, arginine dihydrolase, and ornithine 
decarboxylase; delayed citrate positive; production of acid from dulcitol and melibiose but 
not from sucrose and L-sorbose; ability to utilize benzoate, dulcitol, 4-hydroxybenzoate, 
myo-inositol, lactulose, malonate, 1-O-CH3-α-galactoside, and protocatechuate but not 5-
ketogluconate and L-sorbose as sole carbon sources. 
C. rodentium: negative for indole production, citrate, and arginine dihydrolase;  
ornithine decarboxylase positive; lack of motility; utilization of malonate; inability to 
produce acid from melibiose and sucrose; ability to utilize malonate but not m-coumarate, 
glycerol, 5 - ketogluconate, D-melibiose, 1-O-CH3-α-galactoside, and 3-O-CH3-D-glucose as 
sole carbon sources. 
C. gillenii: negative for indole production and ornithine decarboxylase; positive for 
citrate and delayed positive for arginine dihydrolase; utilization of malonate; negative 
urease reaction; acid production from inositol, arbutin, salicin and meliobiose but not from 
L-sorbose; inability to utilize gentisate, 3-hydroxybenzoate, 3-O-CH3-D-glucose, L-sorbose, 
and tricarballylate as sole carbon sources. 
C. murliniae: indole and citrate positive; catalase negative; delayed positive for 
arginine dihydrolase; ornithine decarboxylase negative; acid production from L-sorbose, 
dulcitol, arbutin and salicin; ability to utilize dulcitol, D-lyxose, I-O-CH3-α-galactoside 
(delayed), and L-tyrosine but not malonate and protocatechuate as sole carbon sources. 
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C. pasteurii: negative for indole production, catalase negative and ornithine 
decarboxylase negative; citrate positive; acid production from L-sorbose, esculin, starch 
and 5-ketogluconate.   
 
It is important to highlight that Citrobacter spp. differentiation based on these 
biochemical features is often problematic, with frequent variability in the results for a range 
of these biochemical tests within each species.  
 
2. MALDI-TOF MS 
MALDI-TOF MS is an accurate, fast, robust and sensitive methodology that relies in 
the reproducible detection of large molecules, which can be used for microbial identification 
and typing. This methodology relies in the comparison of experimental mass spectra 
obtained with a library of known reference strains or analyzing spectra for identification of 
species-specific biomarkers, offering an adequate alternative to genomic-based approaches 
(19,24,25).  
MALDI-TOF MS has already been used for the identification of Citrobater spp., 
however most of the isolates were identified as C. freundii complex (26,27). Concerning the 
identification of species-specific biomarkers in Citrobacter spp., and to the best of our 
knowledge, only one study identified biomarkers common for all Citrobacter species (50S 
ribosomal proteins) and species-specific biomarkers, yet the last ones were not indicated 
(19).   
  
3. DNA–DNA hybridization (DDH)  
In 1965, Britten and Kohne developed the DDH technique that would become the tool 
to overcome many of the problems in bacterial taxonomy (28). Basically, this technique 
measures the degree of genetic similarity between two different species (29). Using DDH, a 
phylogenetically definition of a species generally would include strains with approximately 
70% or greater DNA-DNA relatedness (30). This methodology, until recently recognized to 
be the genotypic ‘gold standard’ for the delineation of prokaryotic species, has been also 
used in most of Citrobacter species definition (3). However, major disadvantages are 
implementation difficulties of DDH experiments and the high experimental error 
associated, as well as the impossibility of establishing a central database (31,32).  
 
4. Phylogenetic analysis based on single housekeeping genes 
a) 16S rRNA gene  
Phylogenetic analysis of nucleotide sequences of rrs coding for the 16S ribosomal RNA 
(16S rRNA) was shown to distinguish relatively well Citrobacter from other related genera 
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(19). However, it failed to decipher relationships at Citrobacter species level, as a result of 
its conserved nature (4,19). In fact, phylogenetic relationships based on 16S rRNA 
sequences distinguished 3 Citrobacter groups: group I (C. pasteurii, C. freundii, C. 
youngae, C. braakii, C. werkmanii, C. gillenii and C. murliniae); group II (C. amaloniticus, 
C. farmeri, C. sedlakii and C. rodentium); and group III (C. koseri) (4,33). 
 
b) recN gene versus other phylogenetic markers  
Recently, Ribeiro and colleagues proposed the amplification of a single phylogenetic 
marker to discriminate species within Citrobacter genus (34). Individual phylogenetic 
analysis of rpoB (β subunit of RNA polymerase gene), pyrG (CTP synthetase 
gene), fusA (protein synthesis elongation factor-G gene), leuS (leucine tRNA synthetase 
gene) and recN (DNA repair protein gene), revealed that leuS and recN gene sequences 
provided an accurate discrimination for the currently recognized Citrobacter species (34). 
In fact, phylogenetic analysis of leuS gene allowed the delineation of 12 distinct 
clusters, each one supported by a type strain of each Citrobacter species. The clusters were 
defined with a cutoff value of <97.5%, supported by bootstrap values >92%. It was also 
recognized that recN provided a greater resolution than leuS (cutoff values of <96.1%, 
statistically supported by bootstrap values >94%), with recN tree topology being overall 
congruent with that obtained for leuS sequences. However, 3 new clusters were observed 
besides the 12 depicted from the leuS tree topology, namely, Citrobacter sp. I*, Citrobacter 
sp. II* and Citrobacter sp. III*, which might correspond to isolates from novel species, not 
yet confirmed (Figure 1) (34).  
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Figure 1. Neighbor-joining tree based on recN gene sequences of all Citrobacter species 
performed in the study carried out by Ribeiro et al. (2015). Genetic distances were 
constructed using Kimura's two-parameter model. Numbers at branch points indicate 
bootstrap percentages (1,000 replications) from NJ analysis, and only values greater than 
80% are shown. Horizontal bar, genetic distance of 0.05. Citrobacter species type strains 
are underlined. *, Citrobacter sp. I, Citrobacter sp. II, and Citrobacter sp. III correspond to 
putative novel species. Pantoea ananatis strain LMG 2665T was used as outgroup for tree 
rooting. [Adapted from reference (34)].  
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5. MLSA 
MLSA is currently a widely used method to obtain a higher resolution on the analysis 
of the phylogenetic relationships among species within a genus or among genera within a 
family (35). In MLSA studies, partial sequences of at least four genes coding for proteins 
with conserved functions (‘housekeeping genes’) are used to generate phylogenetic trees 
and subsequently deduce phylogenies (35).  
In 2015, Clermont and colleagues proposed the use of four concatenated 
housekeeping genes, namely rpoB, pyrG, fusA, and leuS to depict taxonomic affiliations 
among Citrobacter spp. isolates deposited in the Collection of l’Institut Pasteur (CIP) 
(Figure 2) (4). The tree obtained from concatenated genes allowed the identification of the 
novel Citrobacter pasteurii species within Citrobacter genus (Figure 2) (4). However, 
sequences of the four housekeeping genes from all Citrobacter species are still not available 
in public databases, which makes impossible for other researchers the identification of their 
own Citrobacter strains by the reproduction of the MLSA scheme described.  
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Figure 2. Phylogenetic relationships based on the concatenated alignments of nucleotide 
sequences of the four protein-coding genes fusA, pyrG, leuS and rpoB. The scale bar 
corresponds to 1% nucleotide change. Escherichia coli CIP 54.8T was used as outgroup for 
tree rooting. Branches depicted in bold were supported by bootstrap values equal or above 
99% as obtained after 1,000 replicates. [Adapted from reference (4)]. 
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6. WGS data analysis  
The recent advances in sequencing technologies have given to all the microbiology 
laboratories (research and diagnostics) the access to whole genome sequencing (22)  
(https://gold.jgi.doe.gov/statistics). The continuing reduction in sequencing costs and the 
shortening of the ‘time to result’ makes this approach an attractive strategy tool to replace 
some older techniques previously used to identify and characterize strains at the genomic 
level (22). The whole genome-based average nucleotide identity (ANI) and/or digital DNA-
DNA hybridization (dDDH) have largely replaced DDH on definitions of species, although 
dDDH has not yet been applied in Citrobacter genomes (4,32,36).  
The ANI is a similarity index calculated between a given pair of genomes that can be 
applicable to prokaryotic organisms independently of their G+C content (37). An ANI cutoff 
score of >95% indicates that the comparing genomes belong to the same species (37) with 
ANI values ≥ 95% corresponding to the traditional 70% DDH threshold (35). However, not 
all whole genome sequences of Citrobacter type strains are available in public databases 
(e.g. C. amalonaticus, C. koseri, C. farmeri, C. murliniae), which hinders the current 
identification and differentiation of all Citrobacter species by this approach. The recently 
described C. pasteurii species presented an ANI value of 94.71% with its closely related C. 
youngae, which was just below the generally accepted species cut-off value of 95% (4). 
 
Intrinsic genes conferring resistance to extended-spectrum cephalosporins or 
reduced susceptibility to fluoroquinolones  
Citrobacter spp. is an intrinsic host of several naturally occurring antibiotic resistance 
mechanisms and during evolution has also increasingly acquired other resistance traits 
(38). Antibiotic resistance genes database provide a centralized compendium of 
information on this topic, including those belonging to Citrobacter spp. 
(http://ardb.cbcb.umd.edu/). Resistance to extended-spectrum cephalosporins in these 
species may be related to: inducible chromosomal AmpC β-lactamase gene, namely CMY 
gene (blaCMY); overexpression of chromosomal CMY gene; acquisition of plasmid-mediated 
extended-spectrum β-lactamases, or carbapenemase genes (38,39). Resistance or 
decreased susceptibility to many other antibiotic groups have been also reported in 
Citrobacter spp., including to fluoroquinolones (chromosomal qnrB), macrolide (macA, 
macB, acrA, acrB, tolC), trimethoprim (dfra), sulfonamides (sul1), or aminoglycosides 
[aac(6’), aac(3)-IIa, aph(3')-Ia)] 
(http://ardb.cbcb.umd.edu/cgi/search.cgi?db=R&term=citrobacter&field=af). The 
presence of chromosomal blaCMY and qnrB genes in Citrobacter spp. is a matter of concern, 
since mobile genetic elements carrying these genes and likely originated in this genus, have 
shown a high potential for horizontal dissemination between isolates from the same or even 
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from different species (39–41). Furthermore, as some Citrobacter species present specific 
variations regarding intrinsic antibiotic resistance mechanisms, failure in the accurate 
species identification could lead to inappropriate antibiotic treatments, which might result 
in increased mortality (39,42).  
 
Origin and evolution of chromosomal blaCMY within Citrobacter spp. 
Citrobacter spp. produces very low levels of an inducible chromosomal AmpC-type 
cephalosporinase (CMY-2-like) which comprises resistance to aminopenicillins, 
aminopenicillins/β-lactamase inhibitor combinations, and first generation cephalosporins 
(43). The hyperproduction of AmpC in Citrobacter with inducible expression of this 
enzyme, thought to be derived from the action of the LysR-type transcriptional regulator 
(LTTR) AmpR (43,44), is characterized by more or less marked resistance to penicillins, 
aztreonam, first generation cephalosporins, second generation cephalosporins, and at least 
one third-generation cephalosporin is not susceptible (43).  
Citrobacter freundii has been considered the ancestor of some CMY-types (CMY-2 
– CMY-7, CMY-34, CMY-37, CMY-71), including the novel described CMY-122 and CMY-
124 – CMY-129, mainly because of the chromosomal location of their encoding genes (5,45). 
Furthermore, plasmids carrying blaCMY-2-like that have been found in different 
Enterobacteriaceae species are believed to have close relationships with those from C. 
freundii because of their high identities (>94%) (46,45). Finally, the high identity observed 
in the region downstream blaCMY-2-like (blc-sugE) identified either in the chromosome of C. 
freundii and in different plasmids of Enterobacteriaceae (46,45,47) seems to corroborate 
C. freundii blaCMY-2-like as the evolutionary precursor of acquired blaCMY genes (47), rather 
than a homologous enzyme in the same classification group (46,45).  
 In a study conducted by Barlow and colleagues, they observed that the wide clinical 
use of β-lactams has not been a significant force directing the evolution of blaCMY-2-like alleles 
in Citrobacter spp., since the resistance levels conferred by alleles found in isolates from 
the pre-antibiotic era are essentially the same as those associated with alleles that have been 
found on plasmids from recent clinically resistant strains (46). This means that CMY-2-like 
β-lactamases are not evolving phenotypically (46), although several CMY-2-like variants 
have been described.  
Although the scientific community has unequivocally accepted C. freundii intrinsic 
AmpC as the ancestor of plasmid-mediated CMY, some questions still arise. First, is C. 
freundii the unique Citrobacter species with a chromosomal AmpC? According with 
available Citrobacter genomes deposited in databases, we observed that CMY-48, CMY-65 
and CMY-72 were the most common CMY-2 variants found among C. freundii, whereas 
other CMY-2 variants, including novel ones (not assigned), were identified among C. 
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braakii, C. pasteurii, C. murliniae, C. youngae, C. werkmanii, and the three putatively 
novel Citrobacter species described by Ribeiro et al. (34) (data not shown). Second, since 
antimicrobial agents were not considered selective and diversifying drivers of the 
evolutionary trajectories of blaCMY-2-like alleles in Citrobacter spp., it is not possible that 
evolution of this gene occurred within particular Citrobacter species? Further studies 
identifying Citrobacter isolates based on reliable methods could in future help to clarify 
some of these questions. 
  
Diversification of qnrB within Citrobacter spp.  
Of the six known qnr families (qnrA, qnrB, qnrC, qnrD, qnrS, qnrVC) 
(http://www.lahey.org/qnrStudies/), qnrB is the most common worldwide, encoding a 
protein that binds to DNA gyrase and topoisomerase IV, protecting them from quinolone 
inhibition (48). 
In 2011, Jacoby et al. proposed Citrobacter spp. as the origin of qnrB genes (49). 
However, the absence of correlation of qnrB genes with particular Citrobacter species, 
together with the lack of detailed characterization of qnrB platforms, hindered a clear 
establishment of the origin of qnrB (34). In 2015, from the phylogenetic analysis depicted 
from all known qnrB genes, Ribeiro and colleagues observed seven main clusters and two 
branches. They also observed that qnrB diversification might be favored by their association 
with particular host species and/or niches. In fact, specific genetic platforms were 
associated with each one of the qnrB clusters, and the reliable identification of 
all Citrobacter isolates revealed that each platform evolved in different recognizable and 
putatively new species. They suggest divergent evolution of closely 
related qnrB genes/platforms in particular Citrobacter spp. Moreover, Ribeiro et al. (34) 
also demonstrated that particular Citrobacter species are the origin of plasmid-encoded 
qnrB genes encountered in different Enterobacteriaceae.  
Enterobacteriaceae with plasmid-mediated quinolone resistance (PMQR) due to 
qnrB genes have been increasingly described worldwide (34,41). Recently, it has been 
shown that the ciprofloxacin minimum inhibitory concentration for E. coli ATCC 25922 
harboring any qnr gene was 0.03–0.125 mg/L, which is 8- to 32-fold higher than for the 
empty wild-type strain (41). However, since Enterobacteriaceae with PMQR genes and 
lacking other quinolone resistance mechanisms will be classified as susceptible by standard 
CLSI and/or EUCAST guidelines (http://shop.clsi.org/M100-
S26.html,  http://www.eucast.org/clinical_breakpoints/) criteria for antibiogram 
interpretation, their occurrence might be underestimated (50).  
  
 
Chapter 1 – Introduction 
 
	 117	
Conclusions 
Conventional methods used on routine analysis at microbiology laboratories (as 
commercialized biochemical tests) do not provide sufficient discrimination for 
identification of many Citrobacter isolates at species level, which has important 
implications in the evaluation of their corresponding clinical significance. Currently, partial 
DNA sequencing of recN, MALDI-TOF MS and ANI analysis are reliable methods for 
discrimination within Citrobacter species. Moreover, accurate species identification is 
essential to elucidate the origin of antibiotic resistance genes, to understand potential routes 
of mobilization of intrinsic resistance genes from the host chromosome to plasmids, and to 
delineate further measures to contain its dissemination. Nevertheless, MALDI-TOF MS 
routine equipment enlarged with databases covering protein specific profiles of newly 
recognized species could allow a reliable identification of Citrobacter spp.  
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2.1. Statement of objectives  
 
Extended-spectrum β-lactams, as third and fourth generation cephalosporins and 
carbapenems, and fluoroquinolones are critical antibiotics for treatment of human 
infections caused by Enterobacteriaceae isolates. However, resistance to these important 
antibiotic families is increasing worldwide, compromising their use and leading to a major 
public health threat. The most common antibiotic resistance mechanism to extended-
spectrum cephalosporins and carbapenems among Enterobacteriaceae is the acquisition of 
genes encoding the production of enzymes known as β-lactamases [e.g. extended-spectrum 
β-lactamases (ESBLs), AmpC β-lactamases and carbapenemases]. Similarly, the activity of 
fluoroquinolones among Enterobacteriaceae is increasingly being compromised by the 
emergence of mutations in DNA gyrases (e.g. GyrA, GyrB) and topoisomerase IV (e.g. ParC, 
ParE), or acquisition of genes encoding acetylases [Aac(6')-Ib-cr], efflux pumps (e.g. QepA, 
OqxAB, AcrAB-TolC) or proteins protecting DNA gyrase and topoisomerase IV from 
quinolone inhibition (e.g. Qnr). 
The worldwide contemporary epidemiology of Enterobacteriaceae resistant to 
extended-spectrum β-lactams seems to be largely dominated by a large expansion of ESBLs 
and the more recent emergence and widespread of carbapenemases. Comparatively, the 
available epidemiological data suggests that the incidence of acquired AmpC β-lactamases 
(qAmpC) seems to be lower, though it might be underestimated since they are not 
thoroughly sought or because qAmpC production is frequently masked by other 
mechanisms of resistance (hyperproduction of chromosomal AmpCs, production of other 
β-lactamases with similar phenotypes), hindering their detection. Indeed, most of the 
existing studies exploring the molecular epidemiology of Enterobacteriaceae producing 
qAmpCs are limited to species lacking inducible chromosomal AmpC genes (iCr-AmpCs) 
(e.g. K. pneumoniae and E. coli), focused on specific qAmpC-types (e.g. DHA or CMY), 
single institutions and short periods of time or addressing few non-human hosts (e.g. food-
producing animals or food products).  
In Portugal, identification of qAmpCs among clinical K. pneumoniae and E. coli 
isolates between 2002 and 2008 revealed the presence of blaqAmpC genes in 50% of the 
presumptive qAmpC producers, alerting for the need of continuous surveillance. For this 
reason, a comprehensive analysis on the occurrence, diversity and genetic backgrounds of 
qAmpCs among diverse Enterobacteriaceae species recovered from both clinical and non-
clinical niches is crucial to understand the contribution of qAmpCs for the increasing 
resistance rates to third-generation cephalosporins in our country. 
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Currently, the continuous movement of people (medical tourism, transfer of patients 
between countries, leisure, migrant workers, war-displaced refugees) and trade of goods 
(particularly food products or animals used for food) over international borders are 
recognized as important players in the dispersion of antibiotic resistant (AbR) bacteria, 
although available epidemiological data on this topic is still scarce. In fact, most of the 
studies analyzing the occurrence, diversity, population structure and plasmids of 
Enterobacteriaceae producing acquired β-lactamases (ESBLs, qAmpCs, carbapenemases) 
are from developed countries, whereas much less in known from underdeveloped countries, 
particularly from Africa continent. Available data is limited to specific regions (North 
Africa) and settings (clinical institutions) while information from sub-Saharan African 
countries (e.g. Angola) is scarce. Angola is a country with an emerging economy and close 
commercial or travel relationships with Portugal. Therefore, molecular epidemiological 
data of bacteria producing acquired β-lactamases from non-clinical niches in Angola 
constitutes an important contribution for the identification of potential reservoirs, the 
dynamics of spread of these AbR bacteria and a better understanding of the global 
epidemiology of Enterobacteriaceae resistant to extended-spectrum β-lactams. 
Finally, phylogenetic studies designed to survey the phylogeny on intrinsic antibiotic 
resistance genes and their natural hosts are nowadays of utmost significance, since they 
might contribute to shade some light on the origin and mechanisms of diversification of 
genes involved in the reduced susceptibility of bacteria to clinically relevant antibiotics, 
besides providing tools for accurate species identification. The qnrB genes are known to be 
intrinsic of Citrobacter complex species contributing for a natural phenotype of reduced 
susceptibility to fluoroquinolones. Nevertheless, the absence of studies analyzing the 
correlation of these genes with particular Citrobacter species within this genus, together 
with the lack of detailed characterization of their platforms, hinders a clear establishment 
of their origin and furthermore to ascertain the clinical significance of the different 
Citrobacter species.  
 
 
 
 
 
 
 
 
 
 
The main goals of this work were:  
i) to extend the knowledge on dispersion drivers (bacterial species, clones and plasmids) 
of acquired genes conferring resistance to β-lactams in Enterobacteriaceae from 
different ecological niches from Portugal and Angola, two countries with close 
commercial and travel relationships; 
ii) to accurately discriminate Citrobacter species in order to depict evolutionary 
trajectories of intrinsic genes (qnrB) responsible for decreased susceptibility to 
fluoroquinolones. 
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To accomplish these purposes, Enterobacteriaceae isolates non-susceptible to 
extended-spectrum cephalosporins from Portugal (different clinical institutions and diverse 
non-clinical niches throughout a large period of time) and Angola (diverse non-clinical 
niches) were screened for detection of acquired β-lactamases (qAmpCs, ESBLs and/or 
carbapenemases) genes. Furthermore, a collection of Citrobacter spp. isolates of diverse 
origins from Portugal was studied to perform a phylogenetic analysis of housekeeping and 
qnrB genes and a comparative genomics of qnrB surrounding genetic sequences.  
 
The specific aims of this Thesis are: 
 
1. To analyze the occurrence, diversity and genetic backgrounds of qAmpCs among 
Enterobacteriaceae species (n=2107), with and without inducible chromosomal 
AmpC genes (iCr-AmpCs), from diverse clinical settings in Portugal (seven hospitals 
and two community laboratories) over a 12-year period. 
 
2. To assess the contribution of Portuguese non-clinical niches (n=518 samples; healthy 
humans, animals, and environment) as reservoirs of qAmpC-encoding plasmids and 
clones. 
 
3. To investigate the distribution and molecular epidemiology of ESBLs, qAmpCs and 
carbapenemases in recent (2013) Enterobacteriaceae isolates from different non-
clinical niches (n=81 samples; healthy humans, healthy animals, aquatic 
environments) in Angola. 
 
4. To evaluate the potential of different housekeeping genes to accurately discriminate 
Citrobacter species. 
 
5. To establish diversification trajectories of qnrB genes within Citrobacter species and 
subsequently their dispersion routes to other Enterobacteriaceae species.  
 
 
 
 
 
 
 
 
	
Chapter 2 – Statement of objectives 
 
	 128	
2.2. Outline of the Thesis 
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This Thesis is organized in four chapters as follows: 
 
Chapter 1 presents an overview of the state of the art on the topic of this Thesis, which is 
divided in three subsections. In section 1.1, the worldwide occurrence, distribution, diversity 
and drivers (clones, plasmids and other mobile genetic elements) of qAmpCs in clinical 
Enterobacteriaceae isolates were addressed. Section 1.2 focuses on the current status 
regarding the occurrence, population structure and plasmids associated with genes 
encoding ESBLs, qAmpCs and carbapenemases among Enterobacteriaceae recovered from 
different ecological niches in Africa. Finally, section 1.3 presents an updated overview on 
the main features and recent methodologies used for Citrobacter species discrimination. 
Moreover, intrinsic genes conferring resistance to β-lactams (blaCMY-2-like) or reduced 
susceptibility to fluoroquinolones (qnrB) within Citrobacter spp. will be also explored. 
 
 
Chapter 2 includes objectives and outline of the Thesis. 
 
 
Chapter 3 presents the findings answering the specific aims of the Thesis. The results from 
the experimental research work performed in this study have been organized throughout 
scientific articles (n=6; 3 publications in peer review scientific journals, 2 manuscripts 
under editorial revision and 1 manuscript in preparation). This chapter is divided in two 
subsections:   
 
Section 3.1. Insights on acquired β-lactamases conferring resistance to 
extended-spectrum β-lactams in Enterobacteriaceae from different niches of 
developed and underdeveloped countries.  
This section includes results obtained from the molecular epidemiology of a large collection 
of Enterobacteriaceae isolates, corresponding to species with and without iCr-AmpCs genes 
collected from several clinical institutions in the North and Centre regions of Portugal over 
a 12-year period (2002-2013), as well as from different non-clinical niches. Moreover, it is 
also presented in this section the occurrence of clinically relevant genes encoding acquired 
resistance to extended-spectrum cephalosporins and/or carbapenems among 
Enterobacteriaceae from non-clinical niches in an underdeveloped country (Angola). The 
possible contribution of clones and/or plasmids in the dissemination of blaCTX-M-15 in Angola 
is also discussed. Results were organized in the following scientific articles: 
§ Freitas F, Machado E, Ribeiro TG, Novais Â, Peixe L. 2014. Long-term 
dissemination of acquired AmpC β-lactamases among Klebsiella spp. and 
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Escherichia coli in Portuguese clinical settings. European Journal of Clinical 
Microbiology and Infectious Diseases. 33(4):551-8.  
§ Ribeiro TG, Novais Â, Machado E, Peixe L. 2016. Insights into clinical 
Enterobacteriaceae producing acquired AmpC β-lactamases over 12 years: 
unusual DHA dominance in an European country. Journal of Antimicrobial 
Chemotherapy. (under editorial revision) 
§ Ribeiro TG, Novais Â, Machado E, Peixe L. 2016. Occurrence of acquired AmpC 
β-lactamases among Enterobacteriaceae from a diversity of non-clinical niches in 
Portugal. Journal of Antimicrobial Chemotherapy. (manuscript draft)  
§ Ribeiro TG, Novais Â, Peixe L, Machado E. 2016. Atypical epidemiology of CTX-
M-15 among Enterobacteriaceae from a high diversity of non-clinical niches in 
Angola. Journal of Antimicrobial Chemotherapy. 71(5):1169-73. 
 
Section 3.2. Citrobacter species differentiation and diversification 
trajectories of intrinsic genes conferring reduced susceptibility to 
fluoroquinolones.  
The discriminatory power of different housekeeping genes in the accurate discrimination of 
Citrobacter complex species is evaluated, using the most reliable genotypic markers. 
Moreover, diversification trajectories of qnrB and genetic platforms within Citrobacter 
species are also presented. The data obtained is presented and organized in the following 
scientific articles:  
§ Ribeiro TG, Novais Â, Branquinho R, Machado E, Peixe L. 2015. Phylogeny and 
comparative genomics unveil independent diversification trajectories of qnrB and 
genetic platforms within particular Citrobacter species. Antimicrobial Agents and 
Chemotherapy. 59(10):5951-8. 
§ Ribeiro TG, Clermont D, Branquinho R, Machado E, Peixe L, Brisse S. 2016. 
Citrobacter europaea sp. nov., a novel Citrobacter species isolated from water and 
human faecal samples. International Journal of Systematic and Evolutionary 
Microbiology. (manuscript submitted) 
 
 
Highlighted results from these studies are reflected in the general conclusions 
described in Chapter 4. 
 
 
Additionally, the results presented in this Thesis have also been partially presented in 
international scientific meetings and conference proceedings, as follows: 
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§ Ribeiro TG*, Novais Â, Branquinho R, Machado E, Peixe L. 2015. Phylogeny and 
comparative genomics unveil independent diversification trajectories of qnrB and 
genetic surroundings within particular Citrobacter species. [Oral Presentation]. Abstract 
available in: Abstract book of the 3rd International Symposium on the Environmental 
Dimension of Antibiotic Resistance (EDAR), 17-21 May, Wernigerode, Germany. 
§ Ribeiro TG*, Novais Â, Nascimento R, Freitas F, Peixe L, Machado E. 2015. Persistence 
and spread of particular acquired AmpC β-lactamases linked to KP-ST11 international 
clone and/or epidemic IncR, IncHI2 or IncI1 plasmids. [ePoster Viewing - EV0113]. 
Abstract available in: Abstract book of the 25th European Congress of Clinical 
Microbiology and Infectious Diseases (ECCMID), 25-28 April, Copenhagen, Denmark. 
§ Ribeiro TG*, Novais Â, Peixe L, Machado E. 2014. Diverse non-clinical reservoirs of 
CTX-M-15-encoding plasmids and clones in a developing country with close relations 
with Europe. [Poster Presentation – P1150]. Abstract available in: Abstract book of the 
24th European Congress of Clinical Microbiology and Infectious Diseases (ECCMID), 10-
13 May, Barcelona, Spain. 
§ Ribeiro TG*, Novais Â, Novais C, Silva R, Sousa JC, Peixe L, Machado E. 2013. High 
diversity of qnrB genes in Citrobacter freundii complex isolates from an aquatic source. 
[Poster Presentation – P1454]. Abstract available in: Online Lecture Library of the 23rd 
ECCMID European Congress of Clinical Microbiology and Infectious Diseases, 27-30 
April, Berlin, Germany.  
§ Freitas F*, Novais Â, Gonçalves T, Amaral S, Cantón R, Coque TM, Machado E, Peixe 
L. 2011. Dissemination of DHA-1 and CMY-2 beta-lactamases among Klebsiella spp. and 
E. coli from Portuguese clinical settings. 21st European Congress of Clinical Microbiology 
and Infectious Diseases (ECCMID), 7-10 May, Milan, Italy; [Poster Presentation – 
P1343]. Abstract available in: Clinical Microbiology and Infection 17 (Suppl 4): S373.  
		
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
		
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	
	
	
	
“What is a scientist after all? It is a curious man looking through a keyhole, the keyhole of 
nature, trying to know what's going on.”  
Jacques Yves Cousteau
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Abstract We investigated the occurrence, diversity and
molecular epidemiology of genes coding for acquired
AmpC β-lactamases (qAmpC) among clinical isolates of
Enterobacteriaceae lacking inducible chromosomal AmpCs
in Portugal. A total of 675 isolates non-susceptible to
broad-spectrum cephalosporins obtained from four hospi-
tals and three community laboratories during a 7-year
period (2002–2008) were analysed. The presence of genes
coding for qAmpC was investigated by phenotypic criteria,
polymerase chain reaction (PCR) and sequencing. Bacterial
identification, antibiotic susceptibility testing, conjugation
assays and clonal analysis were performed by standard
procedures. The presence of bla qAmpC genes was detected
in 50 % (50/100; 41 Klebsiella pneumoniae , 5 Escherichia
coli , 4 Klebsiella oxytoca ) of the presumptive qAmpC
producers. DHA-1, detected in those species, was the most
prevalent qAmpC (94 %, 47/50), being identified since 2003
and throughout the studied period in different institutions.
Despite the high clonal diversity observed, three DHA-1-
producing Klebsiella spp. clones were more frequently iden-
tified. CMY-2 (6 %, 3/50) was observed in B1-E . coli
clones. Conjugative transfer was only observed in one (2 %)
CMY-2-producing isolate. Most qAmpC producers (94%, 47/
50) co-expressed SHV-type and/or OXA-1 or CTX-M-32
extended-spectrum β-lactamases (ESBLs). To the authors’
knowledge, this is the first description of the molecular
epidemiology and the long-term dissemination of
qAmpC-producing Enterobacteriaceae in Portuguese
clinical settings, highlighting an evolution towards a more
complex epidemiological situation regarding cephalospo-
rin resistance in Portugal.
Introduction
Acquired AmpC β-lactamases (qAmpC) are an emerging
cause of resistance to broad-spectrum cephalosporins
among Enterobacteriaceae lacking inducible chromosomal
AmpC genes, such as Escherichia coli , Klebsiella spp.,
Proteus mirabilis and Salmonella spp. [1–4]. Genes
encoding qAmpC are usually located on multidrug resis-
tance plasmids, seriously constraining the therapeutic op-
tions against several infectious diseases [2]. qAmpC-
producing Enterobacteriaceae have been reported world-
wide, with significant geographical differences in the prev-
alence and epidemiology of different qAmpC types
(Table 1). According to the few surveillance studies avail-
able in Europe, CMY-2-like enzymes are the most wide-
spread variants [1, 3, 4, 17, 18] (Table 1). In the present
study, we investigated the occurrence, diversity and molec-
ular epidemiology of qAmpC β-lactamases among
Enterobacteriaceae species lacking inducible chromosom-
al AmpC genes recovered from Portuguese clinical settings
over a 7-year period.
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Materials and methods
Bacterial isolates
We screened 675 isolates [Escherichia coli (n =480),
Klebsiella pneumoniae (n =141), Klebsiella oxytoca (n =
27) and Proteus mirabilis (n =27)] non-susceptible to
broad-spectrum cephalosporins identified from the clinical
samples of patients attending four hospitals (HA, HB, HC,
HD; n =572) and three community laboratories (CL1, CL2,
CL3; n =103) located in the North and Centre of Portugal
between 2002 and 2008. The geographic distribution of the
surveyed clinical settings is shown in Fig. 1. Bacterial
identification and preliminary susceptibility testing were
performed by using the automated VITEK (bioMérieux,
Marcy l’Étoile, France) or Phoenix (BD Diagnostics,
Sparks, MD, USA) systems.
Antimicrobial susceptibility and qAmpC characterisation
Antimicrobial susceptibility testing to β-lactam and non-β-
lactam antibiotics was performed by using the standard disk
diffusion method [32, http://www.eucast.org/]. Presumptive
qAmpC producers were preliminarily identified using
phenotypic criteria: (i) resistance to cefoxitin (FOX-R),
intermediate susceptibility or resistance to amoxicillin–
clavulanic acid (AMC-I/R) and to at least one oxyimino-
cephalosporin (CEF-I/R); or (ii) susceptibility to cefoxitin
(FOX-S), AMC-I/R, CEF-I/R and a negative double disk
synergy test (DDST) (detailed below) [33]. The presence of
genes coding for qAmpC enzymes (CMY, MOX, FOX,
LAT, ACT, MIR, DHA, ACC) was further confirmed by
polymerase chain reaction (PCR) using primers and condi-
tions previously described [1, 34] and sequencing of both
strands of each amplified bla gene.
Co-production of ESBLs
The production of extended-spectrum β-lactamases
(ESBLs) was investigated among qAmpC-producing iso-
lates by using the standard DDST performed with
cefotaxime, ceftazidime, cefepime and aztreonam disks ap-
plied 20–30 mm apart from an amoxicillin–clavulanate disk
[35] on Mueller–Hinton agar plates with and without clox-
acillin (250 mg/L) (Sigma-Aldrich, St. Quentin-Fallavier,
France). The characterization of ESBLs was performed by
PCR using specific primers for blaTEM, blaSHVand blaCTX-
M, and further sequencing [32].
Conjugation experiments
Conjugation experiments were performed as previously
described using E . coli BM21R (nalidixic acid andTa
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rifampicin resistant, Lac+, plasmid free) or E . coli HB101
(azide and kanamycin resistant, Lac−, plasmid free) as recip-
ients [32], transconjugants being selected on MacConkey
agar supple- mented with cefoxitin (10 mg/L) (Sigma-
Aldrich, St. Louis, EUA) and rifampicin (100 mg/L)
(Sigma-Aldrich, St. Louis, EUA) or cefoxitin (10 mg/L)
and sodium azide (200 mg/L) (Merck, Munich, Germany),
respectively [24, 36].
Clonal relationships among qAmpC-producing isolates
Clonal relatedness was established by pulsed-field gel
electrophoresis (PFGE), according to the criteria proposed
by Tenover et al. [37], using Xba I as the restriction
enzyme (New England Biolabs, Ipswich, MA, USA) and
the following electrophoresis conditions: 10–40 s for
21 h, 14 °C, 6 V/cm2 [32]. E . coli phylogenetic groups
were identified by a multiplex PCR assay described by
Clermont et al. [38].
Results and discussion
One hundred (89 FOX-R, 11 FOX-S) presumptive qAmpC
producers were identified, from which 50 (50 %) carried
blaqAmpC genes (41 K . pneumoniae , 5 E . coli and 4 K .
oxytoca ). They corresponded to 56 % (50/89) of the FOX-R
isolates and were mainly recovered from urine (38 %, 19/50)
and respiratory samples (26 %, 13/50) of hospitalised patients.
The remaining FOX-R isolates (n =39) were ESBL producers
(85 %, 33/39) which might have porin modifications and/or
possible chromosomal AmpC hyperproducers (E . coli ; 62 %,
24/39) [2, 33].
DHA-1 was the most prevalent qAmpC (94 %, 47/50),
identified among K . pneumoniae (n =41; 12 PFGE types), K .
oxytoca (n =4; 2 PFGE-types) and E . coli (n =2; 2 PFGE-
types) isolates from three hospitals (HA, HB, HC) and one
community laboratory (CL1) since 2003 (Table 2, Fig. 2).
Despite the high clonal diversity observed, three DHA-1-
producing Klebsiella spp. clones were more frequently identi-
fied: (i) K . pneumoniae KpF in HA, HB and HC (n =13, since
2006); (ii) K . pneumoniae KpB in HA (n =14, 2003–2004);
and (iii) K . oxytoca KoA in HA (n =3, 2003–2004) (Table 2).
Moreover, the DHA-1-producing E . coli isolates (HA, HB)
belonged to B1 and B2 phylogroups (Table 2). Although the
B2 phylogroup accounts for most human infections involving
cephalosporin-resistant strains [39], DHA-1 has been previous-
ly reported in non-B2-E . coli clinical isolates (B1-, A-, or D-E .
coli ) [18, 40, 41]. The acquisition of virulence traits and
multidrug resistance patterns (including to broad-spectrum
cephalosporins) by A and B1 phylogroups, traditionally con-
sidered commensal, might contribute to their increasing iden-
tification among E . coli isolates causing human infections [38,
42–45; Novais and Peixe, unpublished data].
The CMY-2 enzyme was detected in 6 % (3/50) of qAmpC
producers, corresponding to diverse B1-E . coli recovered in
different hospitals in 2006 and 2007 (Table 2). Studies from
France also report CMY-2 mainly in E . coli belonging to
phylogroup B1 [12], but in Canada, USA and Norway, it has
been mostly associated with D-E . coli isolates [8, 18, 46]. The
high occurrence of DHA-1 producers observed in this study
resembles that reported in Asian countries (67–93 %) [2, 9, 10,
16] and contrasts with data from Europe (3–20 %; predomi-
nance of CMY-2-like enzymes) [2–4, 17, 19, 21], a scenario
probably reflecting the bias induced by the clonal dissemination
of particular DHA-1-producing K . pneumoniae strains in
Portuguese hospitals. Interestingly, the preliminary characteri-
sation of presumptive qAmpC producers collected in 2012
indicated the maintenance of low levels of CMY-2-like en-
zymes and the predominance of DHA-1 in Portuguese clinical
settings (Machado and Peixe, personal communication).
Isolates producing qAmpC were concomitantly resistant to
kanamycin (98%), tobramycin (96%), sulphonamides (96%),
streptomycin (84 %), ciprofloxacin (82 %) and trimethoprim
Fig. 1 Geographic locations of the hospitals [⋆] and community labora-
tories [●] surveyed in this study
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Table 2 Characterisation of qAmpC-producing Enterobacteriaceae from Portuguese clinical settings (2002–2008)
qAmpC Species (no.) Year Hospitala (no.) PFGE-type
(no.)/PhGb
Associated
ESBLs (no.)
Non-β-lactam resistance
phenotypec,d
CMY-2 E . coli (3) 2006 HB, HC EcA/B1, EcB/B1 - Km,(Tb),(Sm),(Gm),(Cp),Na,(Su),
(Tp),(Te),(Cm)
2007 HB EcC/B1 - Km,Sm,Ak,Cp
DHA-1 E . coli (2) 2007 HB EcD/B1 SHV-12 + OXA-1 Km,Tb,Sm,Gm,Nt,Cp,Na,Su,Tp,Te,Cm
2008 HA NTe/B2 CTX-M-32 + OXA-1 Km,Tb,Sm,Cp,Na,Su,Tp,Te
K . pneumoniae (41) 2003 HA (3) KpB (3) SHV-5 (1), SHV-90 (2) Km,Tb,Sm,Gm,Nt,(Ak),Cp,
Na,Su,Tp,Te,(Cm)
2004 HA (12)
CL1 (1)
KpB (11), KpL (1)
KpA
SHV-5 (4), SHV-12 (4),
SHV-90 (4)
OXA-1
Km,Tb,(Sm),(Gm),(Nt),(Ak),(Cp),
(Na),Su,(Tp),(Te),(Cm),(Tg)
2006 HA (4)
HB (1)
KpF (3), KpG (1)
KpC
OXA-1 (4)
SHV-145 + OXA-1
Km,Tb,(Sm),(Gm),(Nt),(Ak),Cp,
(Na),Su,(Tp),Te,Cm
2007 HA (3), HC (3)
HB (4)
KpF (6)
KpD (1), KpE (3)
OXA-1 (6)
SHV-12 + OXA-1 (4)
Km,Tb,(Sm),(Gm),(Ak),Cp,Na,Su,
(Tp),(Te),(Cm)
2008 HA (6)
HB (4)
KpF (3), KpJ (2), KpK (1)
KpF (1), KpH (1), KpI (2)
SHV-12 (1), OXA-1 (5)
SHV-12 + OXA-1 (3),
OXA-1 (1)
(Km),Tb,(Sm),(Gm),(Nt),(Ak),Cp,
Na,Su,(Tp),(Te),(Cm),(Tg)
K . oxytoca (4) 2003 HA (2) KoA (2) SHV-12 (2) Km,Tb,Sm,Gm,Nt,(Ak),Cp,Na,Su,Tp,
(Te),Cm,(Tg)
2004 HA (1) KoA1 SHV-12 Km,Tb,Sm,Gm,Cp,Na,Su,Tp,Cm
2008 HA (1) KoB OXA-1 Km,Tb,Sm,Cp,Na,Su,Tp,Te,Cm
aHA, Hospital Geral de Santo António (Porto, North); HB, Hospital de São Teotónio (Viseu, Centre); HC, Hospital Cândido de Figueiredo (Tondela,
Centre); CL1, Microbiology Laboratory, Faculty of Pharmacy, University of Porto (Porto, North)
b PhG – E . coli phylogenetic group
cKm, kanamycin; Tb, tobramycin; Sm, streptomycin; Gm, gentamicin; Nt, netilmicin; Ak, amikacin; Cp, ciprofloxacin; Na, nalidixic acid; Su,
sulphonamides; Tp, trimethoprim; Te, tetracycline; Cm, chloramphenicol; Tg, tigecycline
dVariable presence of a resistance phenotype is indicated by parentheses
e NT, non-typeable by PFGE
48.5
97.0
145.5
194.0
242.5
291.0
339.5
388.0
436.5
485.0
533.5
582.0
(kb)
HCCL1 HCa) c)b)HA HB HA HB
Fig. 2 PFGE patterns of Xba I-digested chromosomal DNA. a) K .
pneumoniae harbouring blaDHA-1. Lanes: M, bacteriophage lambda lad-
der PFGE marker (New England Biolabs, N0340S); 1, clone KpA; 2–6,
clone KpB; 7, clone KpG; 8–9, clone KpJ; 10, clone KpK; 11–18, clone
KpF; 19, clone KpC; 20, clone KpD; 21–23, clone KpE; 24, clone KpH;
25–26, clone KpI. b) K . oxytoca harbouring blaDHA-1. Lanes:M, lambda
ladder PFGE marker; 1–3, clone KoA; 4, clone KoB. c) E . coli
harbouring qAmpC genes. Lanes: M, lambda ladder PFGE marker; 1,
clone EcA (blaCMY-2); 2, clone EcB (blaCMY-2); 3, clone EcC (blaCMY-2);
4, clone EcD (blaDHA-1)
Eur J Clin Microbiol Infect Dis (2014) 33:551–558 555
Chapter 3 – Results and discussion 
	143	
(80 %) (Table 2), as commonly observed [2]. Most isolates
(94%, 47/50; DHA-1 producers) co-expressed ESBLs belong-
ing mainly to SHV (SHV-5, -12, -90, -145; n =19) types and/or
OXA-1 (n =9/n =18), but also CTX-M-32 (n =1) (Table 2).
This study is the first, to the authors’ knowledge, describing the
co-production of DHA-1 and CTX-M-32 or highly related
SHV-types. Although in Portugal an endemic situation of
ESBL-encoding plasmids and clones [32, 47–50] has been
implicated in the high rates of resistance to broad-spectrum
cephalosporins (one of the highest in Europe) [51, http://www.
ecdc.europa.eu/en/publications/surveillance_reports/arhai/
Pages/arhai.aspx], the association of qAmpCs and ESBLs in
different Enterobacteriaceae species reflects a more complex
and problematic epidemiological situation regarding
cephalosporin resistance in Portugal.
In contrast to most studies, the transferability of blaqAmpC
genes was only achieved in 2 % of the isolates (one CMY-2
producer) [2, 3], which could be justified by the loss of tra
genes (involved in plasmid conjugative transfer) or the
mobilisation of blaqAmpC to the bacterial chromosome through
integrative and conjugative elements (ICEs) [20], but we can-
not discharge the need for other experimental conditions [52].
Although our results suggest that the dissemination of
blaqAmpC in Portugal occurred mainly through clonal spread,
the presence of blaDHA-1 genes in different species highlights
the involvement of lateral genetic transfer elements [3, 20].
This study constitutes the first report describing the molec-
ular epidemiology and long-term dissemination of qAmpC
enzymes among Enterobacteriaceae (frequently co-
producing ESBLs) in Portuguese clinical settings, at least
since 2003. In contrast with other European countries, DHA-
1 was the most frequent variant mainly associated with the
spread of several Klebsiella spp. clones. The recent imple-
mentation of an epidemiological surveillance system of anti-
microbial resistance and a stricter control on antibiotic use in
Portuguese clinical institutions (http://www.dgs.pt/upload/
membro.id/ficheiros/i018596.pdf) should contribute to the
improvement of measures to contain the emergence and
spread of these multidrug-resistant strains. Finally, deeper
studies are needed in order to address the contribution of
mobile genetic elements and/or particular lineages for the
dissemination of acquired AmpC β-lactamases in Portugal.
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SYNOPSIS 25 
OBJECTIVES: In order to assess the contribution of acquired AmpC (qAmpC) β-26 
lactamases to the increasing resistance rates to third-generation cephalosporins in 27 
Portugal, we performed a longitudinal analysis of clinical Enterobacteriaceae isolates 28 
over a 12–year period.  29 
METHODS: We analyzed 2107 Enterobacteriaceae non-susceptible to broad-spectrum 30 
cephalosporins from species with/without (n=123/n=1984) inducible chromosomal 31 
AmpC (iCr-AmpC) genes from nine different clinical institutions (2002-2013). Standard 32 
methods were used for bacterial identification, antibiotic susceptibility testing, 33 
identification of acquired bla and PMQR genes (PCR, sequencing), clonal analysis 34 
(PFGE, MLST), blaqAmpC location, and plasmid characterization (S1-/I-CeuI-PFGE, 35 
replicon typing, hybridization).  36 
RESULTS: A low (5%, 99/2107) and stable occurrence of qAmpCs was observed 37 
throughout time, corresponding to DHA-1 (82%), CMY-2 (17%) or DHA-6 (1%). 38 
DHA-1 persisted throughout time (2006-2013) in different institutions, species and 39 
clones [n=81/29 PFGE-types; predominance of Kp ST11 and ST1380], and particular 40 
plasmids (IncR or IncHI2). The increase of CMY-2 in the last years (2009-2013) was 41 
linked to multiple Escherichia coli clones and to IncI1 plasmids. Most qAmpC 42 
producers (66%; mainly DHA-1) co-expressed ESBLs and were multidrug-resistant. 43 
CONCLUSIONS: We observed a low rate and a stable occurrence of qAmpC 44 
throughout time, where the dominance of DHA-1 and the later emergence of CMY-2 45 
contrast with the scenario of most European countries. Furthermore, the identification of 46 
genetic backgrounds different from those responsible for ESBL spread might have 47 
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contributed to the differential expansion of ESBL and qAmpC, which deserves further 48 
investigation.  49 
INTRODUCTION 50 
 51 
The worldwide contemporary epidemiology of Enterobacteriaceae resistant to 52 
broad-spectrum cephalosporins seems to be largely dominated by a greater expansion of 53 
extended-spectrum β-lactamases (ESBL) than acquired AmpC (qAmpC) β-lactamases. 54 
However, the reasons behind this differential occurrence are poorly understood. It is 55 
possible that the occurrence and clinical impact of Enterobacteriaceae producing 56 
qAmpC β-lactamases are currently underestimated, since  qAmpC production is 57 
frequently masked by other mechanisms of resistance.1,2 Moreover, most studies are 58 
limited to species lacking inducible chromosomal AmpC genes (iCr-AmpCs), short 59 
periods of time and/or single clinical institutions.2,3 The most prevalent qAmpCs 60 
worldwide are CMY-2 (disseminated in different settings) and DHA-1 (mainly from 61 
nosocomial outbreaks).2-5 In Portugal, ESBL-producing Enterobacteriaceae are endemic 62 
in different niches and have been thoroughly characterized at the molecular level 63 
(population structure, genetic platforms),6,7 but the trends of qAmpC producers are still 64 
underexplored.8  65 
We aimed to perform a comprehensive and longitudinal analysis on the 66 
occurrence, diversity and genetic backgrounds of qAmpCs among Enterobacteriaceae 67 
species recovered from both hospital and community clinical settings in Portugal over a 68 
12-year period. This data will be of relevance to understand the contribution of qAmpC 69 
to the increasing resistance rates to third-generation cephalosporins in our country. 70 
 71 
Chapter 3 – Results and discussion 
	151	
MATERIAL AND METHODS 72 
 73 
Bacterial isolates 74 
We collected 2107 Enterobacteriaceae isolates non-susceptible to broad-75 
spectrum cephalosporins, recovered from patients attending seven hospitals (76%; HA-76 
HG) and two community laboratories (24%; CLA and CLB) over a 12-year period in 77 
Portugal (2002-2013; North and Centre regions). They corresponded to species with 78 
[n=123; 82 Enterobacter spp., 21 Serratia marcescens, 14 Morganella morganii, 6 79 
Citrobacter spp.] and without [n=1309; 753 Escherichia coli (Ec), 513 Klebsiella 80 
pneumoniae (Kp), 28 Klebsiella oxytoca, 12 Proteus mirabilis, 3 Klebsiella variicola] 81 
iCr-AmpCs genes. The remaining 675 isolates [480 Ec, 141 Kp, 27 K. oxytoca, 27 P. 82 
mirabilis] from our previous publication were included for detailed epidemiological 83 
characterization and analysis of temporal shifts.8 Bacterial identification and antibiotic 84 
susceptibility testing were performed as described.8,9  85 
 86 
Characterization of qAmpC and other antibiotic resistance genes 87 
Presumptive qAmpC producers were screened by phenotypic criteria8 and 88 
qAmpC genes were further identified by PCR and sequencing.8 Genes coding for 89 
ESBLs or carbapenemases were searched as described.8,9 Plasmid-mediated quinolone 90 
resistance [PMQR; qnr and aac(6’)-Ib-cr] genes were also investigated.8-10 91 
 92 
Molecular characterization of isolates carrying qAmpC genes 93 
Detection of K. pneumoniae and E. coli phylogroups, and E. coli O25b-ST131 94 
were performed as described.6,11 Clonal relatedness was established by XbaI-PFGE and 95 
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MLST for representative (different PFGE-patterns) K. pneumoniae and B2- and D-E. 96 
coli isolates (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/documents/primersColi_html;  97 
http://bigsdb.pasteur.fr/klebsiella/primers_used.html).9 Capsule molecular typing for 98 
ST11 K. pneumoniae was performed by PCR and sequencing of wzi gene.12 The 99 
location of blaqAmpC was assessed by hybridization of S1- or I-CeuI-digested genomic 100 
DNA.9 Plasmids carrying blaqAmpC were characterized by replicon typing (PCR, 101 
sequencing and hybridization) and subtyping 102 
(http://pubmlst.org/plasmid/primers/incI1.shtml).9,13 The blaqAmpC genetic environment 103 
(ca. 20 kb) was investigated by PCR mapping and sequencing in representative isolates 104 
from different species and time periods.10  105 
 106 
Statistical analysis 107 
Statistical significance for comparison of proportions was calculated by the χ2 108 
test or Fisher exact test using IBM SPSS Statistics 22.0 software (P values of <0.05 109 
were considered statistically significant). 110 
 111 
RESULTS AND DISCUSSION 112 
 113 
Persistence of DHA-1 and recent increase of CMY-2  114 
We observed an overall occurrence of qAmpC-producing Enterobacteriaceae of 115 
5% (99/2107), lower than that reported for ESBL-producing isolates in our country 116 
(http://ecdc.europa.eu/en/publications/Publications/antimicrobial-resistance-europe-117 
2014.pdf). 118 
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The number of qAmpC producers was relatively stable throughout time, 119 
although there are variations in the number of institutions analyzed in specific years. 120 
Isolates produced mostly DHA-1 (82%), CMY-2 (17%) or DHA-6 (1%; differing from 121 
DHA-1 in A226T mutation) variably throughout time, and belonged to species with 122 
(16%) or without (84%) iCr-AmpC genes from urine (44%) or sputum (20%) (Table 1).  123 
DHA-1 represented 96% of the qAmpCs identified in 2002-2008 versus 55% in 124 
2009-2013 (p<0.000001), mainly in hospital-acquired infections (93%; 75/81) and in 125 
different species (mostly Kp). CMY-2 represented 4% of the qAmpCs in 2002-2008 126 
versus 45% in 2009-2013 (p<0.000001), identified in community (53%) or hospitalized 127 
(47%) patients exclusively among species without iCr-AmpC genes (Table 1). DHA-6, 128 
reported here for the first time in Portugal, was only identified in one Kp (2013; CLA). 129 
The dominance and persistence of DHA-1 throughout time and in such a high diversity 130 
of species differs from the apparent predominance of CMY-2-producing E. coli in 131 
Europe,2,3 and is only comparable to some Asian countries.5,8,14  132 
 133 
Co-carriage of qAmpC and other antibiotic resistance genes  134 
The majority of DHA-1 producers (96%; Klebsiella spp., Ec, E. cloacae 135 
complex) co-expressed OXA-1 with/without ESBLs (28%, mostly SHV-12/42%), and 136 
less frequently diverse SHV-types (26%) (Table 1). CTX-M-1 or CTX-M-15 were 137 
occasionally identified among CMY-2 producers (12%) (Table 1). Carbapenemase 138 
genes were not detected, despite 13 Enterobacter spp. (mostly Enterobacter 139 
hormaechei) and 9 Kp isolates producing DHA were resistant to ertapenem (25%) 140 
and/or imipenem (1% and 2%, respectively), suggesting the involvement of 141 
permeability defects.2,5 DHA-1-producers also harboured frequently PMQR genes 142 
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[qnrB4, 100%; aac-6’-Ib-cr, 86%; aac-6’-Ib-cr and qnrS1, 8%], with the high 143 
occurrence of qnrB4 and aac-6’-Ib-cr explained by their genetic vicinity to the blaDHA-144 
1.4,15 The frequent detection of isolates co-expressing qAmpCs and ESBLs or PMQR, 145 
and exhibiting a multidrug-resistance (MDR) phenotype, highlights for limited 146 
therapeutic options in infections involving qAmpC-producing Enterobacteriaceae.  147 
 148 
Identification of epidemic and international clones 149 
 DHA producers were clonally diverse (n=82; 30 PFGE-types), but two major 150 
MDR Kp lineages presumptively involved in nosocomial outbreaks were detected: (i) 151 
ST11 [n=25, 30%; 3 PFGE-types exhibiting wzi75 (n=24/25) and 1 PFGE-type with 152 
wzi24-K24 (n=1/25)] producing DHA-1 and OXA-1, or DHA-6, and detected in 153 
different hospitals and community clinical institutions over time; (ii) ST1380 (n=14, 154 
17%; 1 PFGE-type), producing DHA-1 and diverse SHV-ESBLs (Table 1). The 155 
remaining DHA-1-producing Kp (n=13, 11 PFGE-types) belonged to other sporadic 156 
clones (Table 1). The epidemic lineage ST11-wzi75 was previously associated with the 157 
co-production of DHA-1 and CTX-M-15 in Asian countries, but capsule types other 158 
than wzi75 have been apparently linked to the expansion of predominant KPC enzymes 159 
within ST11 isolates.16 160 
(http://bigsdb.web.pasteur.fr/perl/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_isolates_pub161 
lic&page=query). Interestingly, this lineage persisted along the 12-year period in 162 
different institutions although it was not detected among ESBL-producing K. 163 
pneumoniae circulating in the same hospitals and periods of time.7  164 
Remarkably, three DHA-1 producing K. variicola isolates were identified during 165 
2007 in different wards (paediatrics, medicine) from the same hospital, though this 166 
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species is more usually found in the environment or the gastrointestinal tract of animals 167 
(bovines).17 DHA-1-producing K. oxytoca, Ec and E. hormaechei isolates were clonally 168 
diverse, although two clones of E. hormaechei were identified and linked to a 169 
nosocomial outbreak in HB over a one-year period (Table 1).  170 
We observed a high diversity of CMY-2-producing Ec isolates belonging to 171 
phylogroups B1 (n=7; 44%), A (n=4; 25%), B23 (n=3; 19%) or D (n=2; 12%) (Table 1). 172 
The higher proportion of A and B1 isolates carrying blaCMY-2 suggests a possible origin 173 
from non-clinical reservoirs,18,19 as observed more recently for ESBL producers.6 The 174 
detection of CMY-2 amongst the widespread B2-ST131 (n=2), B2-ST95 (n=1), D-ST57 175 
(n=1) and D-ST117 (n=1) clones, frequently detected as ESBL producers in the same 176 
clinical institutions, might reflect recent acquisition events.6 177 
 178 
Location of blaqAmpC on specific plasmid types in different species 179 
The presence of plasmids was variable in number (1-5 plasmids) and size (20-180 
450 kb) (Table 1). The blaDHA-1 gene was mostly identified within ca. 175-450 kb 181 
IncHI2 (n=43/81) or within ca. 40-180 kb IncR (n=31/81) plasmids, successfully 182 
transferred between different K. pneumoniae clones and diverse Enterobacteriaceae 183 
species (Table 1). The blaDHA-6 was located at a 95 kb IncR plasmid in ST11-Kp clone, 184 
suggesting possible in vivo evolution of blaDHA (Table 1). Thus, our study highlights the 185 
role of IncHI2 or IncR plasmid types in the wide dissemination of DHA-1 among 186 
different Enterobacteriaceae species and clones.  187 
The blaCMY-2 was variably linked to different IncI1 plasmid types [60-200 kb 188 
IncI1/ST12 (n=2; HD and CLA), 90 kb IncI1/ST43 (n=1; HA)], 80 kb IncK (n=2) or 189 
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150 kb IncA/C (n=1) in Ec isolates, as previously reported,1,3 or to the chromosome of 190 
P. mirabilis (n=1) (Table 1). 191 
 192 
Characterization of blaqAmpC genetic environment 193 
The genetic environment of blaDHA genes was similar to that previously 194 
described in Kp plasmid pRBDHA (GenBank accession number AJ971343), with 195 
variations in the 5’ region (e.g., presence of catB3, arr3 and/or blaOXA-1 in the class 1 196 
integron). In contrast, blaCMY-2 was linked to the transposon-like element ISEcp1 (n=12; 197 
ISEcp1/ΔISEcp1-blaCMY-2-blc-sugE), as described.1,3 The int gene from the SXT/R391 198 
integrative and conjugative element (ICE) family was identified in the P. mirabilis 199 
isolate harboring a chromosomally-encoded CMY-2, supporting the involvement of 200 
ICEs in the mobilization of blaCMY-2 (data not shown).20 201 
 202 
CONCLUSIONS 203 
This work constitutes one of the most comprehensive and detailed studies 204 
analysing the molecular epidemiology of clinical Enterobacteriaceae producing qAmpC 205 
during a large period of time (12 years). We confirmed a low (5%) and apparently 206 
stable occurrence of qAmpC (DHA-1 and CMY-2) throughout time, in which the 207 
predominance of DHA-1 and later emergence of CMY-2 contrasts with most European 208 
countries. Finally, we hypothesized that the identification of genetic backgrounds 209 
differing from those responsible for ESBL spread in the same institutions and time 210 
periods in our country, might have contributed to the differential expansion of ESBL 211 
and qAmpC in Portugal.  212 
 213 
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Sir, 
Enterobacteriaceae producing acquired AmpC β-lactamases (qAmpCs), and 
particularly CMY-2-producing Escherichia coli, have been increasing reported 
worldwide (1–4). Nonetheless, the occurrence of qAmpCs in Enterobacteriaceae 
isolates of different non-clinical origins remains scarcely explored, with available 
studies focusing in specific niches (healthy humans, food, healthy/sick food-producing 
animals or environment) or species (E. coli, non-typhoidal Salmonella) 
(http://www.efsa.europa.eu/sites/default/files/scientific_output/files/main_documen
ts/2322.pdf) (4,5). Our goal was to investigate the occurrence, diversity and molecular 
epidemiology of qAmpCs genes among a large collection of Enterobacteriaceae isolates 
recovered from a diversity of non-clinical niches in Portugal. 
Five hundred eighteen non-clinical samples were collected from different 
regions of Portugal. The samples included: (i) faeces from healthy humans [n=255; 
2001-2004 (n=113) and 2013-1014 (n=142); North/Centre/South); (ii) faeces from 
healthy animals [78 swine: 1998 (n=21), 2004 (n=14), 2006-2007 (n=43); 
North/Centre/South; and 44 chickens: 2005 (n=20), 2014 (n=24); North]; (iii) 
uncooked chicken carcasses for human consumption (2003, 2005; n=20); and (iv) 
samples from aquatic environments [121: n=5 raw urban wastewaters, 2001–2002, 
North; n=1 river, 2003; n=2 marine waters, 2003-2004; n=66 waters used for human 
consumption (11 fountains, 10 boreholes, 19 water wells, 26 natural springs), 2006-
2008, North/Centre; n=47 trout aquaculture samples (13 water/sediments upstream 
and 13 downstream trout aquacultures, 15 water/sediments from juvenile/adult fish 
ponds, 6 feed), 2010-2012, North]. Sample processing was performed as previously 
described, and included culture on MacConkey agar plates supplemented with 
ceftazidime (1 mg/L) or cefotaxime (1 mg/L) followed by selection of isolates 
representing different morphotypes and antibiotic susceptibility patterns (6–9). 
Bacterial identification, antibiotic susceptibility testing, detection and characterization 
of qAmpC and co-production of extended-spectrum β-lactamases (ESBLs) were 
performed as previously described (1,6). Clonal relatedness was investigated by XbaI-
PFGE and MLST (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli), and E. coli phylogenetic 
groups were identified as previously described (6). The blaCMY genetic environment was 
also investigated (6).  
We identified 4 CMY-2-producing E. coli isolates in 0.8% (4/518) of the samples 
analysed (Table 1). The CMY-2 producers were recovered from healthy humans [n=3; 1 
female (aged 65) and 2 males (aged 25 and 67); 2014; North region] and uncooked 
chicken carcass (n=1; 2003; North). The proportion of human faecal carriage of 
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qAmpC-producing Enterobacteriaceae was 0% in 2001-2004, but increased to 2.1% (3 
of 142 samples) in 2013-2014, a rate similar to those reported in few other European 
countries (1.3% in Netherlands, 2% in Spain, 2.4% in Denmark) and that indicates that 
human intestinal commensal flora might constitute an important reservoir of qAmpC 
genes and/or qAmpC-producing bacteria (Table S1). The detection of CMY-2 producing 
E. coli in an uncooked chicken carcass of a small set of samples (5%; 1/20) is in line 
with other reports worldwide, where this enzyme is frequently reported among E. coli 
and Salmonella spp. isolates mostly from livestock and food-products (particularly 
poultry and retail chicken meat), suggesting that this highly consumed food product 
might have contributed to the spread of such enzymes (Table S1) (10). However, in 
Portugal only a small number of studies have reported the presence of CMY-2 among 
food-production animals, being more frequently detected CTX-M-group I enzymes 
(10). It is also important to highlight that a recent study conducted by our research 
group in different Portuguese clinical settings encompassing the 2002-2013 period, 
revealed a recent increase of CMY-2-producing E. coli involved in human infections in 
the last years (global occurrence of 17%, corresponding to 4% of the qAmpC producers 
identified in 2002-2008 versus 44% in 2009-2013; p<0.000001) (1).  
E. coli isolates producing CMY-2 belonged to phylogroups B22 (n=2, healthy 
humans), A0 (n=1, healthy human) and A1 (n=1, uncooked chicken carcass sample). 
B22-E. coli isolates were assigned to Sequence-Type (ST) 4953 and an indistinguishable 
PFGE pattern was found among these isolates that were recovered from two-family 
related individuals (husband and wife), suggesting a common source of CMY-faecal 
carriage. The other two E. coli isolates belonging to phylogenetic group A were assigned 
to ST665 (A0) and ST48 (A1), the last belonging to the Clonal Complex (CC) 10 which is 
widespread in humans (patients, healthy individuals), animals and food products, and 
associated with a diversity of ESBLs and less frequently with qAmpCs (Table S1) 
(http://mlst.warwick.ac.uk/mlst/dbs/Ecoli) (11) (Table S1). All the CMY-2-producing 
E. coli isolates were multidrug resistant (MDR) and none of them produced ESBLs. The 
blaCMY-2 was associated with a similar genetic environment in all isolates, being the 
presence of ISEcp1 platform intact or truncated the only difference detected (Table 1). 
In conclusion and to the best of our knowledge this is the first study analyzing 
the occurrence of qAmpCs producers among a large collection of Enterobacteriaceae 
isolates from diverse non-clinical niches. Our data indicate an increased rate of qAmpC 
in healthy humans associated with CMY-2-producing E. coli, which might justify the 
increasing trend of CMY-2 producers associated with infectious diseases in Portuguese 
clinical settings. Moreover, the possibility of acquisition of qAmpC-producing bacteria 
through the food chain, namely throughout poultry products, impose more strict food 
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manipulation practices and justify further surveillance in a higher diversity of food-
producing animals for better understand their role in the emergence of clinical qAmpC 
producers, in Portugal. 
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Objectives: The objective of this study was to investigate the distribution and molecular epidemiology of ESBLs,
acquired AmpCs and carbapenemases in Enterobacteriaceae from non-clinical niches in Angola, an under-
researched sub-Saharan country.
Methods: Eighty-one samples were recovered from healthy persons (n¼18), healthy animals (n¼33) and their
environments (n¼10) or aquatic settings (n¼20) in south Angola (2013). Samples were plated onto
CHROMagarTM Orientation with/without antibiotics. Standard methods were used for bacterial identification,
characterization of bla genes, antibiotic susceptibility testing and conjugation assays. Clonal analysis
(XbaI-PFGE, MLST and Escherichia coli phylogroups), location of bla and plasmid characterization (S1-PFGE,
I-CeuI-PFGE, replicon typing and hybridization) were also performed.
Results: ESBLs (almost exclusively CTX-M-15, 98%)were detected in 21% (45/216) of the isolates, recovered from
diverse non-clinical niches and belonging to different Enterobacteriaceae species (mainly E. coli). Acquired AmpCs
or carbapenemases were not found. The pandemic B2-ST131 E. coli clone was not identified, but some wide-
spread clonal complexes (CCs) from A (CC10 and CC168), B1 (CC156) or D (CC38) phylogroups were detected.
blaCTX-M-15 was variably identified on typeable (29%; 100–335 kb; IncFII, IncFIIK6, IncHI2 and IncY) or non-type-
able (16%; 70–330 kb) plasmids or on the chromosome (14%), while for 41% of the isolates its specific location
was not determined.
Conclusions: This study reports, for the first time in Angola, an unexpected high occurrence of CTX-M-15 in diverse
non-clinical niches and Enterobacteriaceae species, and uncovers novel plasmid replicons in under-researched
geographical regions. The diffusion of blaCTX-M-15 through such a high diversity of genetic backgrounds (clones,
typeable/non-typeable plasmids and genetic environments) unveils an extraordinary ability for blaCTX-M-15
acquisition and mobilization favoured by unrecognized ecological factors.
Introduction
The epidemiology of Enterobacteriaceae producing ESBLs, ac-
quired AmpC b-lactamases (qAmpCs) and/or carbapenemases
has mainly been investigated in developed countries, with
studies showing their large-scale diffusion in different niches.1–3
Currently, the role of trade globalization and human travel to
endemic and/or low-income countries in the dispersion of
antibiotic-resistant (AbR) bacteria is well recognized, pointing
out the need to comprehensively analyse their epidemiology
and ecology in these geographical regions.4,5
In Africa, available data on antimicrobial resistance indicate
considerable resistance rates to extended-spectrum cephalos-
porins.6 Nevertheless, studies analysing the occurrence and
molecular epidemiology of ESBLs are limited to northern coun-
tries, certain species and/or the clinical setting, while qAmpCs or
carbapenemases are sporadic.7
Angola is a sub-Saharan country with an emerging economy
and close commercial or travel relationships with European,
Asian and American countries (http://www.embangola.at/dados.
php?ref=rela%E7%F5es-internacionais), for which few data on
occurrence and epidemiological features of Enterobacteriaceae
resistant to antibiotics are available.8 Given that the climate,
poor sanitation and uncontrolled antibiotic use might be key dri-
vers for the emergence and dissemination of AbR bacteria, we
aimed to investigate the distribution and molecular epidemiology
of ESBLs, qAmpCs and carbapenemases in Enterobacteriaceae
from non-clinical niches in Angola.
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Materials and methods
Sample collection
Eighty-one samples were collected from different non-clinical origins
of the Benguela Province of Angola in 2013 (Figure S1, available as
Supplementary data at JAC Online), as detailed below.
Healthy persons
Eighteen rectal swabswere taken from randomly selected healthy persons
without exposure to antibiotics or hospitals in the 3 months preceding
sampling. All participants provided written informed consent.
Animals and their environment
Thirty-six samples were collected from healthy food-producing animals
(n¼28, rectal swabs) and their environments (n¼8) at Farms A and B
(10–20 animals) and Farms C and D (.200 animals) [13 chickens
(Farms A and C), 9 cows (Farms B and D), 6 pigs (Farm D), 3 waters for ani-
mal consumption (100 mL; Farms A–C), 3 feed samples (25 g; Farms A, C
and D) and 2 swabs from floor/walls (Farms A and C)], as well as seven
samples from wild animals (2 monkeys and 3 goats; faeces) and waters
for animal consumption (n¼2; 100 mL) at a Wild Animal Park.
Aquatic environments
Twenty samples were collected from river (n¼2) or lagoon (n¼1) waters
(close to agricultural/residential areas, domestic animal production farms
and/or septic tanks), urban sewer line wastewaters (n¼3), a wastewater
treatment station (n¼2) andwaters used for human consumption (n¼12;
7 treated and 5 untreated) (100 mL).
Sample processing
Faecal samples from food-producing animals of the same type and farm
were pooled in lots of three totalling 10 samples (9 pools and 1 individual).
Sixty-three samples were processed as described previously9 and cultured
on CHROMagarTM Orientation with and without cefotaxime (1 mg/L),
ceftazidime (1 mg/L) or imipenem (1 mg/L), followed by selection of
isolates representing different colony morphotypes of presumptive
Enterobacteriaceae per plate.
Detection and characterization of bla genes
ESBL, qAmpCor carbapenemase geneswere identified by PCR and sequen-
cing.9–11 ESBL or carbapenemase production was additionally discarded
by phenotypic tests (http://www.eucast.org/).12
Bacterial identification, antimicrobial susceptibility
testing and conjugation assays
Isolates carrying acquired bla genes were identified by MALDI-TOF MS
(Bruker Daltonik, Leipzig, Germany). Citrobacter freundii complex and
Enterobacter cloacae complex were identified at species level by sequen-
cing of genotypic markers.13,14 Antibiotic susceptibility testing and conju-
gation assays (24, 30, 37 and 428C) were performed as described
previously.10,15
Molecular characterization of isolates carrying
acquired bla genes
Escherichia coli phylogroups were identified16 and clonal relatedness was
established by XbaI-PFGE10 and MLST for representative E. coli and
Klebsiella pneumoniae isolates (different PFGE types) (http://mlst.
warwick.ac.uk/mlst/dbs/Ecoli/documents/primersColi_html; http://www.
pasteur.fr/recherche/genopole/PF8/mlst/primers_Kpneumoniae.html).K.
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The location of bla was investigated by hybridization of S1-, I-CeuI- or
XbaI-digested (when negative with S1/I-CeuI) genomic DNA.15 Plasmids
carrying bla were characterized by replicon typing and subtyping (IncF
plasmids; http://pubmlst.org/plasmid/primers/incF.shtml).15,17,18 The
blaCTX-M-15 genetic environment was also investigated.
9,19
Results and discussion
High occurrence of ESBLs, with dominance of CTX-M-15
among different species and non-clinical niches
The blaESBL genes were identified in isolates (n¼45) of different
species and almost all sample types (30.2%; 19 of 63 samples)
(Table 1), while qAmpC or carbapenemase genes were not
found. Thus, we report for the first time the dispersion of
ESBL-producing bacteria in a wide diversity of non-clinical niches
in Angola. The human faecal carriage of ESBL producers (22.2%; 4
of 18 samples) was higher than in most African (6.7%–21.7%)
(Table S1) or developed (0.6%–20.3%) countries,1 despite differ-
ences in sample size. Similarly, the occurrence of ESBLs among
food-producing animals and their environments (25%–50%) or
aquatic samples (30%) was higher than expected (Table 1 and
Table S1). The detection of ESBL producers among healthy per-
sons and aquatic samples reflects aworrying level of environmen-
tal contamination, which in poor living conditions poses serious
risk of transmission.5 Despite the paucity of data regarding anti-
biotic consumption and resistance in Angola,6 the high rates of
clinical bacteria resistant to extended-spectrum cephalosporins
recently reported20 suggests a similar scenario in clinical settings.
All but one ESBL producer (1 K. pneumoniae/SHV-12) encoded
CTX-M-15 (98%, 44/45; Table 1). CTX-M-15 producers were identified
as E. coli (n¼34), K. pneumoniae (n¼4), Enterobacter hormaechei
(n¼2), Enterobacter asburiae (n¼1), C. freundii (n¼1), Citrobacter
werkmanii (n¼1) and Klebsiella oxytoca (n¼1) recovered from
diverse sample types, and were frequently resistant to non-b-
lactams (Table 1). The wide dispersion of CTX-M-15 in non-clinical
settings has been well documented in developed countries,1,2 but
its almost exclusive detection in such a diversity of species and
niches in Angola contrasts with the situation in other African coun-
tries (Table S1).7,18 This atypical scenario could reflect a recent
penetration of blaCTX-M-15 into this geographical area and/or the
local emergence of blaCTX-M-15 driven by unrecognized factors.
CTX-M-15 producers from animals were identified on different
farms, some of which import animals from Portugal (e.g. chickens/
Farm A), where ESBLs other than CTX-M-15 are frequent.9,19 To the
best of our knowledge, this is the first report of CTX-M-15-producing
K. pneumoniae among healthy food-producing animals.
Identification of international E. coli clones from
phylogroups A, B1 and D
CTX-M-15-producing E. coli were clonally diverse (n¼34; 23 PFGE
types and 20 STs) and belonged to phylogroup A (n¼23; 68%), B1
(n¼5; 15%), D (n¼5; 15%) or B2 (n¼1; 3%) distributed in differ-
ent niches (Table 1). The higher prevalence of CTX-M-15 among
E. coli belonging to phylogroup A might reflect that CTX-M-15 is
well established in human/animal commensal strains in
sub-Saharan countries (Table S1).8 The pandemic B2-ST131
E. coli1,2 was absent (Table S1), whereas widespread clonal com-
plexes (CCs) from A (one CC168 and seven CC10), B1 (one CC156)
or D (five CC38) phylogroups were frequent (Table 1). These clones
are widely represented in collections of ESBL, qAmpC and/or car-
bapenemase producers from non-clinical niches in developed and
non-developed countries (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/
GetTableInfo_
html).2,18,19 The remaining isolates (n¼20) belonged to ST448 or
STs identified here for the first time (Table 1).
CTX-M-15-producing K. pneumoniae belonged to ST730 (n¼3;
one PFGE type) or ST215 (n¼1) (Table 1). The international
K. pneumoniae clonal groups CG15 or CG258, highly represented
in clinical isolates in Africa, were absent.21 E. hormaechei were
clonally diverse (n¼2; two PFGE types) (Table 1).
Location of blaCTX-M-15 in variable typeable and
non-typeable plasmids or in the chromosome of
different species
blaCTX-M-15 was transferred by conjugation in 20% of the isolates
(9/44; 24 and 378C), being unequivocally identified on plasmids of
variable sizes (!70–335 kb) (n¼20/44, 45%) or on the chromo-
some (n¼6/44, 14%), while in 41% (n¼18/44) of the isolates
its specific location was not determined (Table 1).
Plasmids carrying blaCTX-M-15 were identified as 180–215 kb
IncFII (F36:A4:B1) in diverse E. coli (n¼5), 310–335 kb IncHI2 in
K. oxytoca, E. hormaechei and E. coli (n¼1 each), 200 kb IncFIIK6
in K. pneumoniae (n¼1) or 100 kb IncY in diverse K. pneumoniae
(n¼3) or C. werkmanii (n¼1) (Table 1). For seven E. coli, blaCTX-M-15
hybridized in non-typeable plasmids (!70–330 kb) (Table 1),
uncovering novel replicon types in this region. The association of
blaCTX-M-15 with the F36:A4:B1 plasmid variant was previously
identified in clinical isolates (Central African Republic) and pets
(France).22,23 blaCTX-M-15 was chromosomally located in 14% (five
E. coli and one C. freundii) of the isolates, a situation increasingly
reported.16 Negative results in S1/I-CeuI hybridization assays were
obtained (n¼18, 41%; E. coli, E. hormaechei and E. asburiae),
although plasmids (60–130 kb) were detected for some isolates
(data not shown). However, positive hybridization signals were
observed in XbaI-digested genomic DNA (29–669 kb bands;
Figure S2), as reportedpreviously.16 Theabsenceof conjugative trans-
fer and the band sizes (25%.250 kb) suggest a blaCTX-M-15 chromo-
somal location, although we cannot discard non-typeable plasmids.
Diversity of blaCTX-M-15 genetic environments
Most isolates harboured blaCTX-M-15 flanked upstream by ISEcp1 or
IS26 (n¼36 or n¼4, respectively) and downstream by orf477
(n¼44), resembling common genetic platforms.19 In two isolates,
IS3 was 116 bp after the 3′ end of ISEcp1, corresponding to a
novel configuration (GenBank accession number KT192055).
CTX-M-15 producers harboured variably blaTEM-1 (48%), blaOXA-1
(41%) or aac(6′)-Ib-cr (39%) (Table 1). The simultaneous presence
of blaTEM-1, blaOXA-1 and aac(6′)-Ib-cr, or blaTEM-1 and aac(6′)-Ib-cr
were observedmostly in isolates harbouring blaCTX-M-15 located on
plasmids (Table 1).
Conclusions
In this study, one of the few conducted in Africa embracing such a
high diversity of samples, we report a high and almost exclusive
occurrence of CTX-M-15 in diverse Enterobacteriaceae species
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and non-clinical niches in Angola. The variability observed in
blaCTX-M-15 genetic environments, genetic locations and clones
suggests an extraordinary ability for acquisition and mobilization
of blaCTX-M-15 by multiple genetic backgrounds, which is not com-
parable to that reported in developed countries. Moreover, our
study unveils possible novel plasmid backgrounds involved in the
spread of blaCTX-M-15 in natural reservoirs in under-researched
geographical regions.
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Figure S2. XbaI-PFGE profiles of CTX-M-15-producing isolates with negative results 
for hybridization of blaCTX-M-15 with I-CeuI- or S1-digested genomic DNA. Lane M, 
XbaI-digested DNA of Salmonella enterica serovar Braenderup H9812, used as size 
standard. The asterisks indicate bands that hybridized with the blaCTX-M-15 probe.  
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3.2. Citrobacter species differentiation and diversification 
trajectories of intrinsic genes conferring reduced 
susceptibility to fluoroquinolones 
 
3.2.1. Phylogeny and comparative genomics unveil independent diversification 
trajectories of qnrB and genetic platforms within particular Citrobacter 
species 
 
3.2.2. Citrobacter europaea sp. nov., a novel Citrobacter species isolated from 
water and human faecal samples  
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Phylogeny and Comparative Genomics Unveil Independent
Diversification Trajectories of qnrB and Genetic Platforms within
Particular Citrobacter Species
Teresa G. Ribeiro,a Ângela Novais,a Raquel Branquinho,a Elisabete Machado,a,b Luísa Peixea
UCIBIO/REQUIMTE, Laboratório de Microbiologia, Faculdade de Farmácia, Universidade do Porto, Porto, Portugala; FP-ENAS/CEBIMED, Faculdade de Ciências da Saúde,
Universidade Fernando Pessoa, Porto, Portugalb
To gain insights into the diversification trajectories of qnrB genes, a phylogenetic and comparative genomics analysis of these
genes and their surrounding genetic sequences was performed. For this purpose, Citrobacter sp. isolates (n! 21) and genome or
plasmid sequences (n! 56) available in public databases harboring complete or truncated qnrB genes were analyzed. Citrobacter
species identification was performed by phylogenetic analysis of different genotypic markers. The clonal relatedness among iso-
lates, the location of qnrB genes, and the genetic surroundings of qnrB genes were investigated by pulsed-field gel electrophoresis
(PFGE), S1-/I-CeuI-PFGE and hybridization, and PCRmapping and sequencing, respectively. Identification of Citrobacter iso-
lates was achieved using leuS and recN gene sequences, and isolates characterized in this study were diverse and harbored chro-
mosomal qnrB genes. Phylogenetic analysis of all known qnrB genes revealed sevenmain clusters and two branches, with most of
them included in two clusters. Specific platforms (comprising pspF and sapA and varying in synteny and/or identity of other
genes and intergenic regions) were associated with each one of these qnrB clusters, and the reliable identification of all Citrobac-
ter isolates revealed that each platform evolved in different recognizable (Citrobacter freundii, C. braakii, C. werkmanii, and C.
pasteurii) and putatively new species. A high identity was observed between some of the platforms identified in the chromosome
of Citrobacter spp. and in different plasmids of Enterobacteriaceae. Our data corroborate Citrobacter as the origin of qnrB and
further suggest divergent evolution of closely related qnrB genes/platforms in particular Citrobacter spp., which were delineated
using particular genotypic markers.
The qnrB genes constitute the most prevalent and diverse (!70allelic variants; see http://www.lahey.org/qnrStudies/) group
within the qnr family, encoding proteins responsible for decreased
susceptibility to fluoroquinolones (1–4).
Some authors have proposed Citrobacter spp. as the origin of
qnrB genes, mainly based on species distribution (!60% inCitro-
bacter spp., including isolates from the preantibiotic era), location
(mostly on the chromosome), and the apparent absence ofmobile
genetic elements in the immediate genetic environment of qnrB
genes,mostly by characterization of clinicalCitrobacter sp. isolates
(3–5). Nevertheless, the absence of correlation of qnrB genes with
particular Citrobacter species, together with the lack of detailed
characterization of qnrB platforms, hinders a clear establishment
of the origin of qnrB. In fact, most of the methods conventionally
used to identify Citrobacter spp. (biochemical or phenotypic fea-
tures, matrix-assisted laser desorption ionization–time of flight
mass spectrometry [MALDI-TOF MS], or 16S rRNA gene se-
quencing) (6–8) have low discriminatory power, hindering the
accurate discrimination of these species.
Recently, Clermont et al. described amultilocus sequence anal-
ysis (MLSA) based on partial sequences of rpoB (" subunit of RNA
polymerase gene), pyrG (CTP synthetase gene), fusA (protein syn-
thesis elongation factor-G gene), and leuS (leucine tRNA synthe-
tase gene) that allowed the discrimination of the 12 recognized
Citrobacter species, namely, Citrobacter freundii, C. amalonaticus,
C. braakii, C. farmeri, C. gillenii, C. koseri, C. murliniae, C. roden-
tium, C. sedlakii, C. werkmanii, C. youngae, and C. pasteurii (6).
In this work, we aim to gain insights into the diversification
trajectories of qnrB within Citrobacter species and to unveil qnrB
surroundings possibly involved in the dissemination of this gene
to other Enterobacteriaceae. For that purpose, we performed an
affiliation of Citrobacter species and qnrB genes described to date
and a comparative analysis of genetic sequences surrounding qnrB
using nonclinicalCitrobacter sp. isolates and genome and plasmid
sequences deposited in public databases.
MATERIALS AND METHODS
Bacterial isolates.Twenty-one nonclinicalCitrobacter sp. isolates harbor-
ing qnrB genes recovered from different nonclinical origins, including
untreated waters used for human consumption (n # 12; 2006 to 2008),
ready-to-eat salads (n # 3; 2010), and trout aquaculture samples (trout,
feed, and sediments from a river located upstream of the trout farm) (n#
6; 2010 to 2012) from different geographic regions in Portugal, were in-
cluded in this study (see Table S1 in the supplemental material). The
isolates carried qnrB6 (n# 1), qnrB9 (n# 1), qnrB10 (n# 3), qnrB17 (n#
1), qnrB18 (n # 1), qnrB56 (n # 3), qnrB57 (n # 2), qnrB58 (n # 1),
qnrB59 (n # 3), qnrB72 (n # 2), qnrB73 (n # 1), or truncated qnrB
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(!qnrB; n " 2) genes (9; P. Antunes, E. Machado, and L. Peixe, unpub-
lished data) (see Table S1 in the supplemental material).
In addition, 40 Citrobacter sp. genomes and 16 qnrB-carrying plasmid
sequences available from the Pathosystems Resource Integration Center
(PATRIC) and/or the National Center for Biotechnology Information
(NCBI) database were used for phylogenetic analysis and/or qnrB genetic
surrounding comparisons.
Bacterial identification and phylogenetic analysis. Isolates included
in this study were identified by biochemical methods (7), mass spectrom-
etry (MALDI-TOF MS; Bruker Daltonik, Germany), and sequencing of
16S rRNA (8), leuS (leucine tRNA synthetase) (6), and recN (DNA repair
protein) genes. PCR amplification and further sequencing of recN genes
were performed by using primers recN-Fw (5=-ATTGCCATTGATGCTC
TCGG-3=) and recN-Rv (5=-ANCGAGTCGGCCTGATCGT-3=) to am-
plify a 637-bp internal fragment and the following amplification condi-
tions: one cycle of 3min at 95°C; 35 cycles of 1min at 95°C, 1min at 56°C,
and 1 min at 72°C; and 1 cycle of 1 min at 72°C.
Individual nucleotide sequences of genes included in the MLSA
scheme of the Citrobacter genus (rpoB, pyrG, fusA, and leuS) (6) and recN
were aligned and the average rates of similarity calculated using MEGA
version 5.2.2 (http://www.megasoftware.net/) (10). The leuS gene se-
quences fromClermont et al. were included in this analysis (6). Similarity
scores of the leuS and recN genes were calculated and individual phyloge-
netic trees were constructed in MEGA using the neighbor-joining (NJ)
method (11), and genetic distances were calculated using the Kimura
two-parameter model (12) in the case of nucleotide sequences and using
the Jones-Taylor-Thornton (JTT) model (13) for LeuS and RecN protein
sequences. The reliability of internal branches was assessed from boot-
strap based on 1,000 resamplings (14). Pantoea ananatis strain LMG
2665T was used as the outgroup.
Clonal relatedness. Clonal relationships among isolates belonging to
the same species were established by pulsed-field gel electrophoresis
(PFGE), using XbaI as a restriction enzyme and the following electropho-
resis conditions: 10 to 40 s for 21 h at 14°C and 6 V/cm2 (15). The criteria
of Tenover et al. were used for comparison of band patterns obtained by
PFGE, and isolates representing different PFGE-types were selected for
the following studies (16).
Location, transferability, and phylogenetic analysis of qnrB genes.
Location of qnrB genes was assessed by S1-/I-CeuI-PFGE and further
hybridization with qnrB and 16S rRNA probes (17, 18). Conjugative
transfer of qnrB was evaluated by broth and filter mating assays using
Escherichia coliHB101 (streptomycin and azide resistant) as the recipient
at a 1:2 donor-to-recipient ratio and selection plates containing cipro-
floxacin (0.06 to 0.5 #g/ml) plus sodium azide (130 #m/ml) (19).
Affiliation within all qnrB genes described at the time of study design
(n " 74; http://www.lahey.org/qnrStudies/) was generated as specified
above for leuS and recN phylogenetic analysis.
Characterization of genetic surroundings of the qnrB genes. The
genetic context of qnrB genes was characterized by PCR mapping (pspF,
sapA, intI1, intI2, intI3, ISEcp1, IS3000, ISCR1, IS26) and sequencing
based on previously described sequences (3, 20–22). Sequences surround-
ing qnrBwere further aligned and compared in silicowith those deposited
in the GenBank database using BLAST (http://blast.ncbi.nlm.nih.gov.sci
-hub.org/Blast.cgi) and ClustalW2 (http://www.ebi.ac.uk/Tools/msa
/clustalw2/).
FIG 1 Neighbor-joining (NJ) tree based on the comparison of leuS gene se-
quences of Citrobacter species analyzed in this study. Genetic distances were
constructed using Kimura’s two-parameter model. Numbers at branch points
indicate bootstrap percentages (1,000 replications) fromNJ analysis, and only
values greater than 80% are shown. Horizontal bar, genetic distance of 0.05.
Citrobacter species type strains are underlined, and the qnrB alleles are shown
in parentheses. Pantoea ananatis strain LMG 2665T was used as the outgroup
(PATRICfig|1378093.3.peg.2577). Please refer to Table S2 in the supplemental
material for accession numbers of the sequences used.
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FIG 2 Neighbor-joining (NJ) tree based on the comparison of recN gene sequences of all Citrobacter species analyzed in this study. Genetic distances were
constructed using Kimura’s two-parameter model. Numbers at branch points indicate bootstrap percentages (1,000 replications) from NJ analysis, and only
values greater than 80% are shown. Horizontal bar, genetic distance of 0.05. Citrobacter species type strains are underlined, and qnrB alleles are shown in
parentheses. *,Citrobacter sp. I,Citrobacter sp. II, andCitrobacter sp. III correspond to putative novel species. Pantoea ananatis strain LMG 2665T was used as the
outgroup (PATRIC fig|1378093.3.peg.2577). Please refer to Table S2 in the supplemental material for accession numbers of the sequences used.
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Nucleotide sequence accession numbers. The sequences of the ge-
netic platforms associated with the different qnrB alleles characterized in
this study have been deposited in the GenBank database under the acces-
sion numbers KP339254 (qnrB6), KP339255 (qnrB9), KP339256
(qnrB10), KP339257 (qnrB17), KP339258 (qnrB18), KP339259 (qnrB56),
KP339260 (qnrB57), KP339261 (qnrB58), KP339262 (qnrB59), KP339263
(qnrB72), and KP339264 (qnrB73). recN and leuS nucleotide sequence
data from the different Citrobacter sp. isolates identified in this study are
available in the GenBank database under accession numbers KR998019
(Citrobacter sp. I), KR998020 (Citrobacter sp. I), KR998021 (Citrobacter
sp. III), KR998022 (Citrobacter sp. I), KR998023 (C. braakii), KR998024
(Citrobacter sp. I), KR998025 (Citrobacter sp. I), KR998026 (C. freundii),
KR998027 (C. freundii), KR998028 (Citrobacter sp. I), KR998029 (Citro-
bacter sp. I), KR998030 (C. braakii), KR998031 (C. braakii), KR998032
(Citrobacter sp. I), KR998033 (Citrobacter sp. I), KR998034 (Citrobacter
sp. III), KR998035 (Citrobacter sp. I), KR998036 (C. braakii), KR998037
(Citrobacter sp. I), KR998038 (Citrobacter sp. I), KR998039 (C. freundii),
KR998040 (C. freundii), KR998041 (Citrobacter sp. I), KR998042 (Citro-
bacter sp. I), KR998043 (C. braakii), and KR998044 (C. braakii).
RESULTS AND DISCUSSION
Citrobacter species identification and clonality. The identifica-
tion at the species level of all theCitrobacter sp. isolates included in
this studywas not possible by biochemicalmethods,MALDI-TOF
MS, or sequencing of the 16S rRNA gene (data not shown), as
previously recognized (6, 23). In contrast, analysis of leuS and
recN gene sequences provided an accurate discrimination of the
currently recognized Citrobacter species, as explained below.
The leuS gene presented the highest discriminatory power (av-
erage rate of similarity close to 88.5%, statistically supported) of
the genes included in the MLSA scheme proposed by Clermont et
al. (6). Therefore, the leuS-based phylogenetic tree allowed the
delineation of 12 distinct clusters (Fig. 1), each one supported by a
type strain from eachCitrobacter species, corroborating the topol-
ogy obtained by the concatenated affiliation of the MLSA scheme
(6). These clusters were defined with a cutoff value of !97.5%,
supported by bootstrap values greater than 92% (Fig. 1).
The recN gene provided a greater resolution than leuS, present-
ing an average rate of similarity close to 85.6%. The recN tree
topology was overall congruent with that obtained for leuS se-
quences (Fig. 2), with the presence of the same 12 clusters ob-
served (cutoff values of !96.1% statistically supported by boot-
strap values greater than 94%) supported by sequences from the
available type strains. Interestingly, 3 new clusters were observed,
namely, Citrobacter sp. I (n" 10), Citrobacter sp. II (n" 1), and
Citrobacter sp. III (n " 3), which might correspond to isolates
from novel species (Fig. 2). Citrobacter sp. I presented a genetic
distance of 0.071 (bootstrap value of 97%) with its closest related
speciesC. freundii, whereasCitrobacter sp. II andCitrobacter sp. III
presented genetic distances of 0.081 (bootstrap value of 99%) and
0.073 (bootstrap value of 100%) with the closest related speciesC.
werkmanii and C. braakii, respectively. Further studies are in
progress to clearly establish the identity of the isolates included in
these clusters.
Phylogenetic trees constructed based on amino acid sequences
of LeuS andRecN showed thatmost nucleotide substitutions were
synonymous, despite resulting in a less clear delineation between
species due to the higher conservative character of amino acid
sequences (see Fig. S1 and S2 in the supplemental material).
According to our phylogenetic analysis, Citrobacter sp. isolates
characterized in this study were identified as C. braakii (n " 83
PFGE types), C. freundii (n" 22 PFGE types), and putatively two
novel species (Citrobacter sp. I [n" 107 PFGE types] or Citrobac-
ter sp. III [n" 11 PFGE types]) (see Table S1 in the supplemental
material).
Location and affiliation of qnrB genes.No plasmids were de-
tected in any of the Citrobacter isolates included in this study, and
in all cases, qnrBwas chromosomally located and not transferable
by conjugation, further supporting the natural occurrence of this
gene in the chromosome of Citrobacter spp. (3–5). The qnrB gene
diversity found was in accordance with previous data (24, 25),
probably driven by the interplay of different selective events (nat-
ural recombination events and/or alternative selective forces) (1,
26–28).
The phylogenetic tree constructed based on qnrB gene se-
quences (Fig. 3A) revealed seven distinct clusters (I to VII) and
two branches comprising qnrB39 and a new qnrB (C. pasteurii
strain CIP 55-13T), supported by bootstraps of !92% and shar-
ing "92.83% identity between them. The corresponding affilia-
tion based on amino acid sequences of QnrB showed that most
nucleotide substitutions were synonymous, which resulted in a
similar tree topology (see Fig. S3 in the supplemental material),
with some exceptions consisting of genes showing a higher degree
of nucleotide divergence (qnrB31, qnrB53, or qnrB39), as observed
by other authors for blaCTX-M genes (29). Our phylogenetic anal-
ysis also showed thatmost of the qnrB genes, including those char-
acterized in this study, belonged to cluster I (n " 33, including
qnrB6, qnrB9, qnrB17, qnrB18, qnrB57, and qnrB58) or to cluster
III (n " 18, including qnrB10, qnrB56, qnrB59, and qnrB72),
whose diversification might be favored by their association with
particular host species and/or niches (see below). Few qnrB genes
FIG 3 Affiliation of qnrB genes and qnrB genetic platforms fromCitrobacter spp. (A) Neighbor-joining tree based on 74 qnrB gene sequences (http://www.lahey
.org/qnrStudies/). Genetic distances were constructed using the Kimura 2-parameter model. Numbers at branch points indicate bootstrap percentages (1,000
replications) fromNJ analysis, and only values greater than 80%are shown.Horizontal bar, genetic distance of 0.05. The nucleotide sequence of qnrD1 (GenBank
accession number FJ228229) was used as the outgroup. The qnrB genes for which the genetic environment was first characterized in this study are surrounded
by circles, whereas those available in the GenBank database are underlined. pl, plasmid-borne qnrB; cr, chromosomally located qnrB; *, qnrB location not
assessed. (B) Schematic representation of the genetic platforms (GP) carrying chromosomally located qnrB genes. Numbers betweenORFs indicate the size of the
intergenic region in base pairs (bp). Vertical black bars represent IRR2. Genes identified in qnrB platforms are pspF (encoding a phage shock protein), orf2 (open
reading frame of a gene of unknown function), sdr (encoding a short-chain dehydrogenase/reductase protein), cinA (encoding competence/damage-inducible
domain protein),HP (encoding a hypothetical protein), ppp (encoding putative periplasmic protein), and/or sapA (encoding a protein involved in antimicrobial
peptide resistance). Genetic platforms have been deposited in the GenBank database under accession numbers KP339254 (qnrB6), KP339255 (qnrB9),
ADLG01000026.1 (qnrB9), CP007557 (qnrB12), KP339256 (qnrB10), KP339257 (qnrB17), KP339258 (qnrB18), ACDJ02000027.1 (qnrB18), JMUJ01000007.1
(qnrB28), JTBV01000001.1 (qnrB28), JAPA01000008.1 (qnrB30), JN173057 (qnrB35), JN173060 (qnrB38), NZ_AMPE01000004.1 (qnrB38),
NZ_AKTT01000018.1 (qnrB38), NZ_AOUE01000004.1 (qnrB38), JTBJ01000001.1 (qnrB38), JAPB01000002.1 (qnrB38), ABWL02000005.1 (qnrB39),
KP339259 (qnrB56), KP339260 (qnrB57), KP339261 (qnrB58), KP339262 (qnrB59), AB734055 (qnrB60), AB734053 (qnrB61), BBMW01000005.1 (qnrB69),
KP339263 (qnrB72), KP339264 (qnrB73), and CDHL01000019 (new qnrB from CIP 55-13T).
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were enclosed in cluster II (n! 2), IV (n! 4, including qnrB73),
V (n! 6), VI (n! 4), or VII (n! 5).
Detailed characterizationofqnrBgenetic platforms.Analysis
of the genetic surroundings of complete qnrB genes revealed eight
different qnrB genetic platforms (GP1 to GP8) (Fig. 3B). pspF
(encoding a phage shock protein) and sapA (encoding a protein
involved in antimicrobial peptide resistance) genes were consis-
tently found upstream and downstream of qnrB genes, respec-
tively. A high variability was observed mostly downstream of
qnrB, with differences in the presence of other genes (orf2, cinA,
HP, and/or ppp) and in the size and identity of intergenic regions
(IGRs) upstream and downstreamof qnrB (Fig. 3B). Interestingly,
we observed conserved genetic platforms (gene content and se-
quence identity) for closely related qnrB genes (i.e., those grouped
in the same cluster), with an exception in cluster I, possibly ex-
plained by a recombination event (Fig. 3).
FIG 4 Nucleotide sequence alignment of intergenic regions upstream of chromosomally located qnrB. The "35 and "10 promoters are indicated by gray
shading, and the sequence of the LexA box is boxed. Sequences were aligned using ClustalW2 software (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The IGR-1
sequences represented in this figure are found in the GenBank database through the accession numbers KP339254 (qnrB6), KP339255 (qnrB9), KP339256
(qnrB10), CP007557 (qnrB12), KP339257 (qnrB17), KP339258 (qnrB18), JMUJ01000007.1 (qnrB28), JAPA01000008.1 (qnrB30), JN173057 (qnrB35), JN173060
(qnrB38), ABWL02000005.1 (qnrB39), KP339259 (qnrB56), KP339260 (qnrB57), KP339261 (qnrB58), KP339262 (qnrB59), AB734055 (qnrB60), AB734053
(qnrB61), BBMW01000005.1 (qnrB69), KP339263 (qnrB72), KP339264 (qnrB73), and CDHL01000019 (new qnrB from CIP 55-13T).
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As the characterization of IGRs was important to elucidate the
origin and evolutionary routes of other antibiotic resistance genes
(29, 30), we performed a detailed analysis of IGRs located in the
qnrB genetic environment. In fact, the intergenic regions up-
stream of qnrB (IGR-1) were closely related (in size and in nucle-
otide sequence) among qnrB alleles that were grouped in the same
cluster (identity, !96%) (Fig. 4), including those from cluster I
(see above), whereas they exhibited a loss of identity between clus-
ters (identity, 60% to 85%). This IGR-1 encompassed a LexA
box consensus sequence located upstream of qnrB and down-
stream"35 and"10 promoter sequences (Fig. 4), whichmight
directly regulate the expression of qnrB genes, as previously
suggested (31, 32).
Interestingly, taking into consideration the similarity of the
platforms carrying closely related qnrB genes and the identifica-
tion of Citrobacter isolates carrying each qnrB, an association was
found between each particular qnrB platform and specific Citro-
bacter species. The qnrB cluster I was associated with Citrobacter
sp. I, qnrB cluster III with C. braakii, qnrB cluster IV with Citro-
bacter sp. III, qnrB cluster V withC. freundii, qnrB cluster VII with
C. werkmanii, the branch comprising qnrB39 with Citrobacter sp.
II, and finally the branch comprising the new qnrB allele with C.
pasteurii. One unique exception was detected (an isolate carrying
qnrB56 from cluster III belonged to Citrobacter sp. I instead of C.
braakii), which may be explained by a genomic recombination
event. This relationship was not established for qnrB alleles in-
cluded in clusters II andVI due to the lack of genomic information
from the corresponding strains in available databases. Thus, our
findings provide additional data to support the acquisition of qnrB
between pspF and sapA by a progenitor of at least someCitrobacter
species prior to platformdiversification. This hypothesis is further
supported by the observation that 89% of isolates from particular
species (C. freundii, C. braakii, C. werkmanii, C. pasteurii, Citro-
bacter sp. I, Citrobacter sp. II, and Citrobacter sp. III) carry a com-
plete or truncated qnrB gene, suggesting species adaptation to
variable ecological niches (see Table S2 in the supplemental ma-
terial).
Analysis of the genetic environment surrounding the trun-
cated qnrB genes (#qnrB) identified in this study revealed that the
end of the pspF-qnrB intergenic region (encompassing promoter
regions) and the first 360 bp of the qnrB gene were truncated
(pspF-[47/49 bp]-#qnrB-[643 bp]-sapA). This genetic environ-
ment was identical (97% to 100%) with those described in the
chromosome of otherCitrobacter spp., includingC. freundii strain
ATCC 8090T (GenBank accession numbers AB734052, AB734052,
and AB734054), which suggests pseudogenization or deletion
processes driven by insertion sequences (ISs) and eventually
prophages (33, 34).
In silico analysis of qnrB-carrying plasmid platforms.Our in
silico analysis revealed that some of the qnrB genetic platforms
identified in the chromosome of Citrobacter sp. I and C. braakii
have already been detected in plasmids of different Enterobacteri-
aceae species (Fig. 1). This is the case for the genetic platforms
containing qnrB2, qnrB1, or qnrB6 (qnrB cluster I), previously
identified in IncN, IncL/M, or IncFII plasmids in different Enter-
obacteriaceae species (GenBank accession numbers JX193301,
JX101693, EU715254, KF193607, JX424423, JF775514, GU723682,
and GU723680). Also, an identity was observed between the qnrB10
platformdetected in the chromosome ofC. braakii and that in IncR
plasmids (GenBank accession numbers EU052800, EU091084,
and CP006662).
Some possibilities of mobilization of qnrB and/or regions sur-
rounding qnrB were investigated. We did not find insertion se-
quences (ISs) or integrons in the qnrB genetic environment of the
isolates characterized in this study, but an inverted repeat region
(IRR; CTGAATTACTGGGT) was detected within the coding se-
quence of the pspF gene (including those associated with #qnrB).
The IRR is also found in the same position in the chromosome
of Citrobacter spp. (GenBank accession numbers AB734055,
JN173060, AB734055, and AB734054) and in plasmids of differ-
ent Enterobacteriaceae species (GenBank accession numbers
EU523120, JN995611, JX101693, GU295957, JX424423, JX298080,
and EU643617). This IRR is similar (0- to 5-bp mismatches) to
IRR2, which was previously implicated in the mobilization of
qnrB19 after recognition by ISEcp1C (35) and which might have
been involved in themobilization of other qnrB genes to plasmids.
Nevertheless, different ISs (e.g., IS26, ISCR1, ISEcp1, IS3000,
IS6100) have been identified in the vicinity of diverse plasmid-
mediated qnrB genes deposited in the GenBank database, suggest-
ing the involvement of multiple mechanisms in the mobilization
and/or assembly of the plasmid-associated qnrB genetic sur-
roundings.
In conclusion, this study provides a comprehensive and exten-
sive analysis of all qnrB genes and surrounding genetic platforms
described to date and contributes to delineating the taxonomic
positions of the different species within theCitrobacter genus. Our
data corroborateCitrobacter as the origin of qnrB and further sug-
gest independent diversification trajectories of specific qnrB
genes/platforms in particular Citrobacter species (C. freundii, C.
braakii, C. werkmanii, C. pasteurii, and in three putatively new
Citrobacter species). Moreover, we unveil a potential route for
mobilization of qnrB genes to plasmids, potentiating the dissem-
ination of particular qnrB alleles in the clinical setting.
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FIG S1. Affiliation of LeuS amino acid sequences. Genetic distances were 
constructed using Jones-Taylor-Thornton (JTT) model. Numbers at branch points 
indicate bootstrap percentages from Neighbor-Joining method analysis and only values 
greater than 80% are shown. Horizontal Bar: genetic distance of 0.05. All the different 
Citrobacter spp. type strains are underlined and qnrB alleles are shown in parentheses. 
Pantoea ananatis LMG 2665T was used as outgroup (PATRIC ID 
fig|1378093.3.peg.600). 
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FIG S2. Affiliation of RecN amino acid sequences. Genetic distances were 
constructed using Jones-Taylor-Thornton (JTT) model. Numbers at branch points 
indicate bootstrap percentages from Neighbor-Joining method analysis and only values 
greater than 80% are shown. Horizontal Bar: genetic distance of 0.05. All the different 
Citrobacter spp. type strains are underlined and qnrB alleles are shown in parentheses. 
Pantoea ananatis LMG 2665T was used as outgroup (PATRIC ID 
fig|1378093.3.peg.2577). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3 – Results and discussion 
 
	
	 220	
 qnrB3
 qnrB17
 qnrB66
 qnrB41
 qnrB42
 qnrB1
 qnrB74
 qnrB26
 qnrB43
 qnrB6
 qnrB45
 qnrB30
 qnrB24
 qnrB29
 qnrB7
 qnrB44
 qnrB18
 qnrB14
 qnrB58
 qnrB9
 qnrB23
 qnrB15
 qnrB32
 qnrB48
 qnrB57
 qnrB13
 qnrB53
 qnrB64
 qnrB2
 qnrB20
 qnrB31
 qnrB52
 qnrB49
 qnrB16
 qnrB54
 qnrB62
 qnrB59
 qnrB61
 qnrB71
 qnrB70
 qnrB10
 qnrB68
 qnrB67
 qnrB72
 qnrB36
 qnrB50
 qnrB47
 qnrB51
 qnrB40
 qnrB46
 qnrB19
 qnrB5
 qnrB56
 qnrB73
 qnrB28
 qnrB27
 qnrB33
 qnrB8
 qnrB21
 qnrB25
 qnrB60
 qnrB35
 qnrB38
 qnrB22
 qnrB55
 qnrB4
 qnrB65
 qnrB39
 qnrB37
 qnrB69
 qnrB12
 qnrB11
 qnrB34
 qnrB CIP 55-13T
 qnrD1
92
80
84
93
0.05
Chapter 3 – Results and discussion 
 
	
	 221	
FIG S3. Affiliation of QnrB amino acid sequences. Genetic distances were 
constructed using Jones-Taylor-Thornton (JTT) model. Numbers at branch points 
indicate bootstrap percentages from Neighbor-Joining method analysis and only values 
greater than 80% are shown. Horizontal Bar: genetic distance of 0.05. QnrD1 was used 
as outgroup (GenBank accession number ACG70184). 
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Footnotes: 22 
The annotated genomic sequences of 97/79T and A121 strains were deposited in the European 23 
Nucleotide Archive and are available under project accession number PRJEB13613. Sequence 24 
reads obtained upon genomic sequencing of strains 97/79 T and A121 are available under the 25 
project accession numbers PRJEB7595 and PRJEB13613, respectively. 26 
Abbreviations: rpoB, β-subunit of RNA polymerase gene; pyrG, CTP synthetase gene; fusA, 27 
protein synthesis elongation factor-G gene; leuS, leucine tRNA synthetase; recN, DNA repair; 28 
ANI, Average Nucleotide Identity. 29 
Details of additional physiological and phenotypic characteristics of C. europaea sp. nov. 97/79T 30 
and A121 are available as supplementary material at IJSEM Online.  31 
32 
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Abstract 33 
Strains 97/79T and A121, recovered respectively from human faeces and well waters, were 34 
compared to currently known Citrobacter species using genotypic and phenotypic approaches. 35 
Multilocus sequence analysis based on housekeeping genes fusA, leuS, pyrG, rpoB and recN 36 
genes, showed that the two strains formed a distinct phylogenetic lineage within the 37 
Citrobacter genus. Average nucleotide identity (ANI) between strains 97/79T and A121 was 38 
99.2%, whereas ANI values of 97/79T with the type strains of closely related Citrobacter species 39 
C. werkmanii, C. braakii, C. freundii, C. youngae and C. pasteurii were all below 93.0%.  The 40 
ability to metabolize different compounds also discriminated 97/79T and A121 from other 41 
Citrobacter species. Based on these results, strains 97/79T and A121 represent a novel species 42 
of the genus Citrobacter, for which the name Citrobacter europaea sp. nov. is proposed, with 43 
strain 97/79T (=CIP 106467T= DSM 103031T) as the type strain. The G+C content of strain 97/79T 44 
is 52.0%. 45 
46 
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The genus Citrobacter includes ubiquitous bacteria that can be found in the intestinal microflora 47 
of humans and animals and in soil, water, sewage and food (Borenshtein & Schauer, 2006; 48 
Engelkirk & Duben-Engelkirk, 2008; Ribeiro et al., 2015; Albaser et al., 2016). Nevertheless, 49 
some Citrobacter species are considered as opportunistic human pathogens (Clermont et al., 50 
2015; Engelkirk & Duben-Engelkirk, 2008; Borenshtein & Schauer, 2006). Currently, 13 species 51 
are recognized within the genus Citrobacter, including the two recently described species 52 
Citrobacter bitternis (Ko et al., 2015) and Citrobacter pasteurii (Clermont et al., 2015), and the 53 
previously recognized Citrobacter freundii, Citrobacter amalonaticus, Citrobacter braakii, 54 
Citrobacter farmeri, Citrobacter gillenii, Citrobacter koseri, Citrobacter murliniae, Citrobacter 55 
rodentium, Citrobacter sedlakii, Citrobacter werkmanii and Citrobacter youngae species 56 
(Brenner et al., 1993; Frederiksen, 2005). Phylogenetic analysis of protein-coding housekeeping 57 
genes provided an accurate discrimination among Citrobacter species (Ribeiro et al., 2015; 58 
Clermont et al., 2015). In the latter studies, strain 97/79T recovered from human faeces and 59 
strain A121 from well water were distinct from previously described Citrobacter species. The 60 
purpose of this work was to define the taxonomic position of these two strains. 61 
 62 
Strains 97/79T and A121 were isolated as described (Clermont et al., 2015; Ribeiro et al., 2015). 63 
C. werkmanii CIP 104555T, C. freundii CIP 57.32T and C. braakii CIP 104554T were used for 64 
comparative phenotypic analysis. Strains were maintained on Trypticase Soy Agar (TSA; Sigma-65 
Aldrich) for short-term storage and in Tryptic Soy Broth (TSB; Sigma-Aldrich) supplemented with 66 
20% (v/v) glycerol at -80°C for long-term storage. Gram staining was carried out by using the 67 
bioMérieux Gram Stain kit. Oxidase activity was tested by using 1% (w/v) tetramethyl-p-68 
phenylenediamine (Merck) and catalase activity was evaluated in the presence of 3% (v/v) 69 
aqueous hydrogen peroxide solution. Growth at different NaCl concentrations [0, 3.0, 6.0, 9.0, 70 
12.0 and 15.0% (w/v)] and temperatures (5, 10, 15, 20, 25, 30, 37, 50, 60, 65 and 70 °C) were 71 
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examined by using TSB as the basal medium. To determine the pH range for growth, basal 72 
medium was adjusted with HCl or NaOH to reach pH values of 4.0-11.0, at intervals of 1.0 pH 73 
unit. To confirm anaerobic growth, strains were inoculated into TSB tubes with paraffin on top, 74 
under optimal growth conditions. Metabolic and biochemical characterization was performed 75 
using the standardized API 20E strips (incubation 24 h at 34°C) and API 50 CH strips (incubation 76 
48 h at 37°C) (bioMérieux, La Balme-les-Grottes, France). DNA was obtained by using the 77 
DNeasy tissue kit (Qiagen, Alameda, CA). PCR amplification of rpoB (β-subunit of RNA 78 
polymerase), pyrG (CTP synthetase), fusA (protein synthesis elongation factor-G), leuS (leucine 79 
tRNA synthetase), and recN (DNA repair) genes was performed using primers and PCR 80 
conditions described previously (Delétoile et al., 2009; Ribeiro et al., 2015). PCR products were 81 
sequenced on both strands on an ABI 3730xl DNA analyzer and chromatograms were analyzed 82 
using BioNumerics v6.6 (Applied-Maths, Sint-Martens Latem, Belgium). Further, the sequences 83 
of the five genes were subsequently confirmed from the genomic sequences. Whole genome 84 
shotgun sequencing was achieved using Illumina’s MiSeq 2 x 250 nt (strain 97/79T; Clermont et 85 
al., 2015) or NextSeq-500 instrument 2 x 150 nt (strain A121).  Assembly of strain 97/79T was 86 
obtained using CLC Genomics Workbench 7.0.3 (www.clcbio.com/products/clc-genomics-87 
workbench) and assembly of strain A121 was obtained using SPAdes v3.6.2 (Bankevich et al., 88 
2012). Average Nucleotide Identity (ANI) was calculated by using jSpecies (Richter & Rossello-89 
Mora, 2009). Phylogenetic analyses were performed by the maximum likelihood method using 90 
PhyML (Guindon & Gascuel, 2003) with the K80 nucleotide substitution model. 91 
 92 
The phylogenetic analysis based on the four loci fusA, leuS, pyrG and rpoB, representing a total 93 
of 2,082 nt, showed that strains 97/79T and A121 represent a distinct branch within the group I 94 
(Warren et al., 2000; Clermont et al., 2015) of the Citrobacter genus (Figure 1). Further, these 95 
two strains were grouped together with two strains for which the genomic sequences were 96 
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publicly available, MGH 56 and FDAARGOS_61 (Figure 1). recN gene sequencing, previously 97 
used to discriminate Citrobacter species (Ribeiro et al., 2015), also distinguished 97/79T and 98 
A121 from other closely related Citrobacter species (Figure S1). 99 
 100 
The ANI value between the genomic sequences of strains 97/79T and A121 was 99.2%. In 101 
contrast, the ANI values of 97/79T compared with the type strain of C. braakii (93.0%), C. 102 
freundii (92.2%), C. werkmanii (90.3%), and C. youngae (89.2%) were clearly below the species 103 
cut-off level of 95%. 104 
 105 
The novel isolates stained as Gram-negative. The rod shaped cells (1–2 µm in diameter and 4–5 106 
µm in length) were motile. Growth occurred at 20ºC, 25ºC, 30 ºC, 37 ºC and 50 ºC, and in the 107 
range of 0-15% (w/v) NaCl and pH 5.0–10.0. Other phenotypic characteristics are given in 108 
supplementary Table S1. Differential biochemical characteristics of strains 97/79T and A121 as 109 
compared to type strains of closely related Citrobacter species are presented in Table 1. 110 
 111 
Overall, the genotypic and phenotypic characteristics of 97/79T and A121 show that they 112 
represent a novel Citrobacter, for which the name Citrobacter europaea sp. nov. is proposed, 113 
with 97/79T as the type strain. 114 
 115 
Description of Citrobacter europaea sp. nov. 116 
Citrobacter europaea (eu.ro.pa.’ea N.L. fem. adj. europaea of or belonging to Europe, referring 117 
to the European continent). 118 
Gram-negative, motile, non-spore-forming short rods. Colonies are translucent, bright and 1– 2 119 
µm in diameter and 4–5 µm in length. Facultatively anaerobic. Catalase positive and oxidase 120 
negative. Do not decompose gelatin. Voges-Proskauer test and indole production are negative. 121 
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The methyl red test is positive. Produces H2S, reduces nitrate to nitrite and N2 production is 122 
negative. Do not use citrate as a carbon source. L-arginine, L-lysine and L-tryptophan are not 123 
utilized. Urease activity is negative. Acid is produced from glycerol, D-arabinose, L-arabinose, D-124 
ribose, D-xylose, D-galactose, D-glucose, D-fructose, D-mannose, L-sorbose, L-rhamnose, 125 
dulcitol, inositol, D-mannitol, D-sorbitol, N-acetylglucosamine, arbutin, salicin, D-cellobiose, D-126 
maltose, D-lactose, D-melibiose, D-trehalose, D-raffinose, gentiobiose, L-fucose, potassium 127 
gluconate, 2-ketogluconate, 5-ketogluconate and 2-nitrophenyl-ß-D-galactopyranoside,  but not 128 
from erythritol, L-xylose, D-adonitol, methyl-ß-D-xylopyranoside, methyl-α-D-mannopyranoside, 129 
methyl-α-D-glucopyranoside, amygdalin, esculin ferric citrate, sucrose, inulin, D-melezitose, 130 
starch, glycogen, xylitol, D-turanose, D-lyxose, D-tagatose, D-fucose, D-arabitol, and L-arabitol. 131 
The DNA G+C content of the type strain is 52.0%. The type strain is 97/79T (=CIP 106467T= DSM 132 
103031T), isolated from faeces from a human with diarrhea in the USA. 133 
 134 
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Figure legend: 182 
Figure 1. Maximum likelihood tree based on concatenated alignments of nucleotide sequences 183 
of the four protein-coding genes fusA, pyrG, leuS and rpoB. Only Citrobacter species that belong 184 
to group I (Warren et al., 2000; Clermont et al., 2015) were included, thus also excluding the 185 
recently described C. bitternis species. Previous sequence data are from Clermont et al., 2015. 186 
The scale bar corresponds to the proportion of changes per nucleotide. C. koseri and 187 
C. rodentium were used as outgroups. Branches depicted in bold were supported by bootstrap 188 
values above 95%, as obtained after 1000 replicates. 189 
190 
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Table legend: 191 
Table 1. Differential metabolic characteristics of C. europaea strains 97/79T and A121 and 192 
closely related Citrobacter type strains. 193 
  97/79
T A121 C. werkmanii CIP104555T 
C. braakii 
CIP 104554T 
C. freundii 
CIP 57.32T 
 
    
 
L-Arginin utilization - - + + - 
      
 
Sodium citrate utilization 
 
- 
 
- 
 
+ 
 
+ 
 
+ 
 
Acid production from: 
    
 
L-Sorbose + + + - + 
Dulcitol + + - + - 
Inositol + + - - + 
Arbutin  + + + - - 
Salicin + + - - - 
D-Melibiose  + + - + + 
D-Raffinose + + - + + 
Starch  - - - + + 
Gentiobiose  + + + - + 
D-Lyxose  - - - + - 
Potassium 5-Keto Gluconate  + + - + + 
Sucrose - - - - + 
      
 194 
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Citrobacter europaea sp. nov., a novel Citrobacter species isolated from water and human 3 
faecal samples  4 
 5 
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Table S1. Physiological and phenotypic characteristics of C. europaea sp. nov. strains. 16 
 17 
Characteristics 97/79T A121 
Catalase + + 
Oxidase - - 
Nitrate reduction + + 
N2 production - - 
H2S production + + 
Indole production - - 
Gelatin - - 
Citrate alkalinization + + 
Voges-Prokauer test  - - 
Methyl red test  + + 
Growth ability 
NaCl range (%, w/v) 0-15 0-15 
pH range 5.0-10.0 5.0-10.0 
Temperature range 20-50 °C 20-50 °C 
Carbohydrates acid production profile 
Glycerol + + 
Erythritol  - - 
D-Arabinose  + + 
L-Arabinose + + 
D-Ribose + + 
D-Xylose + + 
L-Xylose - - 
D-Adonitol - - 
Methyl-ß-D-Xylopyranoside  - - 
D-Galactose + + 
D-Glucose + + 
D-Fructose  + + 
D-Mannose + + 
L-Sorbose + + 
L-Rhamnose  + + 
Dulcitol  + + 
Inositol  + + 
D-Mannitol  + + 
D-Sorbitol + + 
Methyl-α-D-Mannopyranoside - - 
Methyl-α-D-Glucopyranoside - - 
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N-Acetylglucosamine + + 
Amygdalin  - - 
Arbutin  + + 
Esculin Ferric Citrate  - - 
Salicin  + + 
D-Cellobiose  + + 
D-Maltose  + + 
D-Lactose (bovine origin) + + 
D-Melibiose  + + 
Sucrose  - - 
D-Trehalose  + + 
Inulin  - - 
D-Melezitose  - - 
D-Raffinose  + + 
Starch  - - 
Glycogen  - - 
Xylitol  - - 
Gentiobiose  + + 
D-Turanose - - 
D-Lyxose  - - 
D-Tagatose  - - 
D-Fucose  - - 
L-Fucose  + + 
D-Arabitol - - 
L-Arabitol - - 
Potassium Gluconate + + 
Potassium 2-Keto Gluconate + + 
Potassium 5-Keto Gluconate + + 
2-Nitrophenyl-ß-D-Galactopyranoside + + 
Amino acid utilization 
L-Arginine - - 
L-Lysine - - 
L-Ornithine - + 
L-Tryptophan - - 
Enzymatic activities 
Urease - - 
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4 
 
Figure S1. Maximum likelihood tree based on the nucleotide sequence of gene recN. Previous 18 
sequence data are from Ribeiro et al., 2015. The scale bar corresponds to 1% nucleotide 19 
change. Pantoea ananatis LMG 2665T (PATRIC ID fig|1378093.3.peg.2577) was used as 20 
outgroup for tree rooting. Sp I*: putative new species 21 
 22 
 	
	
    
	
	
	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Science never solves a problem without creating ten more.” 
George Bernard Shaw
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The overall results of this Thesis reveal a low rate and a stable occurrence of qAmpC 
β-lactamases (CMY-2, DHA-1) throughout a large period of time in diverse clinical 
institutions and Enterobacteriaceae species in Portugal, whereas they were rarely identified 
in non-clinical niches. On the other hand, in Angola, CTX-M-15 was the almost exclusive 
acquired β-lactamase identified mostly on E. coli among a high diversity of non-clinical 
niches, an atypical epidemiology highlighting the need for antimicrobial resistance 
surveillance in different regions of Africa. Despite the diversity of genetic backgrounds 
associated with ESBLs and qAmpCs characterized in this study, some clonal lineages and 
plasmids were similar to those amplified in AbR populations worldwide reinforcing the role 
of particular genetic backgrounds in the dissemination of these β-lactamases in either 
developed and underdeveloped countries. Finally, this work provides tools for the accurate 
discrimination of Citrobacter species and clarifies divergent diversification trajectories of 
intrinsic qnrB genes. 
 
Specific conclusions can be extracted from the accomplishment of the specific aims and are 
summarized as follows: 
 
1. Insights on acquired β-lactamases conferring resistance to extended-
spectrum β-lactams in Enterobacteriaceae from different niches of developed 
and underdeveloped countries 
 
Ø Epidemiology of qAmpCs from clinical and non-clinical settings in 
Portugal 
• We found a low rate (5%) and a stable occurrence of qAmpCs throughout a 
large period of time involving different Enterobacteriaceae species dispersed in diverse 
clinical institutions, in which the predominance of DHA-1 and later emergence of 
CMY-2 contrasts with data from most European countries. 
• Despite the high clonal diversity observed among the most frequent qAmpC-
producing species (Escherichia coli and Klebsiella pneumoniae) from clinical origin, 
particular clones (K. pneumoniae ST11 and ST1380) and/or plasmids (IncR, IncHI2, 
IncI1) have been associated with the persistence of specific qAmpC-types. 
• It is of relevance to highlight that the predominant genetic backgrounds 
identified among qAmpC producers (e.g. ST11 K. pneumoniae) were different from those 
associated with ESBLs spread in the same clinical institution, which might explain the 
differential expansion rates of qAmpCs and ESBLs in Portuguese clinical settings. 
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• We observed a low occurrence of qAmpCs (0.8%, only CMY-2-producing E. 
coli) in Enterobacteriaceae from different non-clinical niches in Portugal. qAmpC 
producers were identified among recent samples from healthy humans in similar rates 
than those reported in other European countries, including Spain. These results suggest 
that the human intestinal commensal flora might constitute actually an 
important reservoir of qAmpC genes and/or qAmpC-producing bacteria in Portugal.  
• The detection of CMY-2-producing E. coli in an uncooked chicken carcass 
suggests that this highly consumed food product might have contributed to the spread 
of such enzymes. 
 
 
Ø  Epidemiology of acquired β-lactamases from non-clinical niches in Angola  
• A remarkable high prevalence of ESBL producers and the absence of qAmpC and 
carbapenemases among Enterobacteriaceae isolates from diverse non-clinical niches 
(healthy humans, animals and their environments, and aquatic environments) is for the 
first time reported in the Benguela Province of Angola, reflecting a worrying level of 
environmental contamination, which in poor living conditions poses serious risk of 
subsequent transmission. 
• The high occurrence and wide dispersion of CTX-M-15 in such a high 
diversity of Enterobacteriaceae species and non-clinical settings in Angola could reflect a 
recent penetration of blaCTX-M-15 into this geographical area and/or the local 
emergence of blaCTX-M-15 driven by unrecognized factors. 
• The variability observed in blaCTX-M-15 genetic contexts (genetic environment, 
plasmid and clonal location) suggests an extraordinary ability for acquisition and 
mobilization of blaCTX-M-15 by multiple genetic backgrounds, which is not 
comparable to that reported in developed countries. 
• Possible novel plasmid backgrounds involved in the spread of blaCTX-M-15 in 
natural reservoirs from an underdeveloped country were uncovered. 
 
 
2. Citrobacter species differentiation and diversification trajectories of 
intrinsic genes conferring reduced susceptibility to fluoroquinolones  
• Based on the phylogenetic analysis performed we suggest recN as the most 
reliable genotypic marker to accurately delineate the taxonomic position of the 
different species within the Citrobacter complex. The reclassification of most 
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Citrobacter spp. deposited in available databases and the unveiling of putative novel 
species were also relevant findings from this study.  
• A putative new Citrobacter species depicted by phylogenetic analysis and 
further characterized by metabolic, biochemical and whole genome sequencing 
approaches designated as Citrobacter europaea sp. nov. is proposed. Representative 
isolates of C. europaea were identified in water and human faecal samples from Portugal 
and the United States of America. 
• Phylogenetic and comparative genomics analysis of all known qnrB genes 
and surrounding platforms confirmed the origin of qnrB and revealed diversification 
trajectories consistent with divergent evolution of different qnrB branches in different 
Citrobacter complex species. 
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